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Abstract 
Fouling is a worldwide problem with more than 80 % of industrial heat 
exchangers suffering from fouling related problems. The costs due to cleaning and the 
loss of production time amount to over US$27 billion a year. Composite silica (SiO2) 
and calcium oxalate found in Australian sugar mill evaporators is the most intractable 
scale to remove and imposes a large fraction of the cost of scale management. During 
sugar manufacturing, as the sugar solution becomes more concentrated, amorphous 
SiO2, calcium oxalate and other compounds are deposited on the heat exchange 
surfaces. This reduces the thermal efficiency of the evaporators and causes frequent 
forced shutdowns for cleaning with specialized chemical formulations. The duration 
of operation between cleaning depends on various factors including the nature of the 
deposit, the type of cleaning chemical, the configuration of the evaporators and the 
cleaning procedure adopted. Identifying scale components helps to determine which 
cleaning agent to use and in the design of new cleaning formulations. 
Most studies on the characterization of deposits have been based on bulk 
analysis. Neglecting the structural features and the compositional profiles of layered 
deposits impacts the effectiveness of a chemical cleaning formulation. The present 
study has fully characterized the compositional profile of fouled stainless steel tubes 
obtained from quintuple Roberts evaporators of two sugar factories using X-ray 
powder diffraction, X-ray fluorescence and scanning electron microscopy as well as 
backscattered electron microscopy and energy dispersive X-ray elemental mapping. 
The analysis indicated considerable heterogeneity on the micro-scale, compounding 
the heterogeneity of bulk scale composition. The deposits contain layers and for the 
first time the presence of the mineral, Si-Mg-Al-Fe-O on the surfaces of some of these 
layers and in the bulk was detected. It is unlikely that this mineral was formed during 
cleaning. This mineral has been found to impact on evaporator cleaning performance. 
Results from the scale analysis and juice composition showed that the deposits 
are formed via different fouling mechanisms dependent upon the temperature, 
concentration and location in the process. Hydroxyapatite is most likely to be the first 
scale component deposited on the tube surface. Compared to hydroxyapatite, there is 
a lower driving force for the deposition of calcium oxalate and it is deposited on 
cooler surfaces when the [Ca2+] and [C2O42-] are high enough for it to be 
 V 
thermodynamically favorable. On the coolest surfaces with the highest sugar 
concentrations amorphous SiO2 is the dominant scale component, probably due to the 
aggregation of colloidal SiO2 which will be encouraged by the high ionic strength of 
the environment. 
Further investigation of the fouling mechanisms was conducted by examining 
the kinetics and thermodynamics of SiO2 and calcium oxalate co-precipitates in 
laboratory batch tests. Models have been developed showing the effect of sucrose, 
SiO2, Ca2+ and Mg2+ ions and trans-aconitic acid concentrations on the apparent order 
(n) and apparent rate (k) of SiO2 polymerization, SiO2 solubility after 24 h and 
calcium oxalate solubility based on [Ca2+]. It was found that increasing sucrose and 
[SiO2] increases both n and k. The models also show that low [Mg2+] increases n and 
colourimetric evidence was found for SiO2-Mg2+ interactions in the solution that may 
result in an increase in n. Excess trans-aconitic acid was found to weakly reduce k but 
had no effect on n.  
Silica solubility after 24 h was found to be dependent on sucrose concentration 
and [SiO2], where an increase in either results in a decrease in solubility after 24 h. 
Both Ca2+ and Mg2+ ions had little effect, changing the solubility after 24 h by less 
than 10 %. Calcium oxalate solubility was found to increase with increasing Mg2+, 
Ca2+ and trans-aconitic acid concentrations. However, the increase in solubility with 
Ca2+ ions is not a true solubility effect because of excess Ca2+ ions. Increasing the 
sucrose concentration reduced the equilibrium solubility of calcium oxalate.  
It was not possible to determine n and k values for calcium oxalate due to the 
nature of the tests. However, analysis of the calcium oxalate crystals formed at 24 h 
showed that the majority of the crystals were calcium oxalate monohydrate (COM), 
with only a few tests revealing the presence of calcium oxalate dihydrate (COD). The 
formation of the latter is due to the higher sucrose and organic acid concentrations 
used. It was also found that different solution components changed the COM crystal 
habit from the common boat shape to highly twinned crystals in the presence of  
trans-aconitic acid. The addition of increasing amounts of Mg2+ ions resulted in the 
transformation of the crystals from penetration twins to rectangular prism habit and a 
(001) face, rarely found in synthetic COM crystals.  
Further investigation of calcium oxalate precipitation in synthetic juices 
containing different organic acids was conducted. The tests showed that increasing the 
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number of carboxylic acid groups increased the amount of COD precipitated, with 
higher sucrose concentrations favoring COD formation as well. 
Results from this project have improved our fundamental understanding of 
heat exchanger fouling by providing insights into the mechanisms of scale formation 
of scale deposited on industrial equipment. The spatial information obtained for 
individual scale components within scale layers will provide informed changes in the 
process to manage scale formation, and the selection and the design of scale 
inhibitors. Colloidal SiO2 and C2O42- ions are likely to be present in amounts high 
enough to cause scaling in all sugar factories, but improved clarification processes to 
remove SiO2 and reduce calcium levels are possible strategies to minimize scale 
deposition. 
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1. Introduction 
 Fouling is the deposition of impurities at phase interfaces and is a common 
phenomenon that occurs in man and his world (1). It is a significant problem in 
medicine, the household and industry. Examples of fouling in the medical field 
include blood clots, kidney stones (mostly calcium oxalate) (2), infections and dental 
calculus (a composite of several calcium phosphate phases) (3). In the household 
kettles, hot water systems, showers, stoves and toilets are examples of surfaces that 
frequently foul and the inhabitants must spend time and money removing the foulant. 
In industry, the financial burden due to fouling is not trivial. More than 80 % of 
industrial heat exchangers (present in oil, gas, chemical, petrochemical, mineral 
processing, power generation, food, water purification and pulp and paper industries) 
suffer from fouling problems (4). Apart from reductions in heat transfer that occurs in 
heat exchangers, fouling can also reduce mass transfer (e.g., membrane filtration) (5) 
and flow (e.g., pipes) (6) causing inefficiencies, plant shutdowns and degradation of 
product and plant equipment (7). Worldwide costs associated with heat exchanger 
fouling alone have been estimated at US$26 billion per year, or 0.2 % of the gross 
national product of the industrialized countries (4). 
 
1.1. Fouling in Sugar Juice Evaporators 
Fouling in the sugar industry is a complex phenomenon involving a number of 
different deposition mechanisms and fouling species. The first step in understanding 
fouling in sugar juice heat exchangers (where the majority of the fouling takes place) 
is by looking at the sugar manufacturing process as a whole (Figure 1.1). Firstly, the 
sugar cane is harvested and transported to the factories, where the cane is first 
shredded and then crushed on the milling train to express the juice. The waste plant 
material (i.e., bagasse) is used to fire the boilers, creating process steam and 
electricity. The juice from the milling train is then heated and clarified to remove 
soluble and insoluble impurities, such as plant material, dirt and scale forming ions. 
During clarification lime is added to assist in the process and for pH control to 
prevent sucrose inversion. The limed juice is clarified in the clarifier with an anionic 
flocculant. The clarified juice is then sent to the evaporators and concentrated from  
~ 12 to ~ 65 wt% sucrose. The evaporators are where the majority of the fouling 
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occurs. From the evaporators the syrup is passed on to the pans and centrifugals for 
seeded crystallization and separation of raw sugar, which is then dried. Normally the 
rate of production is controlled by the supply of sugar cane and rate of crushing, but 
when the evaporators are heavily scaled they become the rate-limiting step in the 
process. 
 
 
Figure 1.1 – The sugar manufacturing process 
 
Evaporator sets in the Australian sugar industry usually consist of four or five 
stages, or effects, in series (Figure 1.2). Evaporation of cane juice leads to the 
accumulation of organic and inorganic scales on the heat exchange surfaces (Figure 
1.3), reducing the heat transfer efficiency and the capacity of the evaporator. This 
increases juice residence time, which leads to reduced productivity and degradation of 
sugar juice. As a result sugar factories must shut down regularly so that the scale can 
be removed from the evaporators (8-10). These shutdowns are costly because of lost 
production and the expense of cleaning. The cleaning process involves the use of 
hazardous chemicals such as sodium hydroxide, sulphamic acid and 
ethylenediaminetetraacetic acid, which create disposal problems for sugar factories 
(8). 
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Figure 1.2 – Multi-effect evaporator station typical in the Australian sugar 
industry (11) 
 
 
Figure 1.3 – The inside of an evaporator covered with scale 
 
The amount and type of scale formed in the evaporators depends on a large 
number of parameters, many beyond the control of the factory operator. Bad weather 
can prevent the harvesting of cane during a crushing season (e.g., the 2010/11 season 
in the Mackay region, Queensland, Australia) forcing it to be harvested the next 
season, resulting in poorer quality juice, poor clarification and a subsequent increase 
in scaling compounds. Wet weather can also increase the amount of dirt collected 
with the cane during harvesting which places an increased demand on the clarifiers 
and can increase the wear of the rollers and hammers in the milling train. The increase 
in suspended solids in the clarified juice increases scale formation. Harvesting 
techniques (i.e., burnt cane and green cane) have a direct impact on juice quality  
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(12, 13), where green cane produces poorer quality juice than burnt cane (14). Once 
cane is harvested it has 14 hours to enter the milling train before significant quality 
and quantities of sucrose are lost due to microbial activity. After the cane is crushed 
the juice is heated to ~ 76 ºC and incubated to remove starch. It is then heated to  
100 ºC and clarified. During clarification milk of lime or lime saccharate (calcium 
hydroxide) is added to raise the pH (from ~ 5.4 to ~ 7.7) and to form calcium 
phosphate and a sodium polyacralyate co-polymer is added to aid in the clarification 
(15, 16). Clarification is conducted to increase the quality of the final product and 
decrease fouling in the evaporators by removing suspended and dissolved solids as 
well as unwanted organics (e.g., colour precursors) which increases juice quality. The 
operating conditions of the evaporators themselves have a large bearing on the scale 
formed. Flow properties of the solution, the rate of evaporation, and the operating 
temperature and pressure of the system can all change the rate, type and strength of 
scale formed (1). As each factory is different and each region that a factory gets its 
cane supply from is different in terms of cane variety and soil type, the extent and 
type of scale formation varies from factory to factory, season to season and 
throughout a season (8). 
 
1.2. Project Aims 
From an environmental point of view, the Australian sugar industry currently 
produces ~ 1100 GWh of renewable electricity abating in excess of 1.1 M tonnes of 
CO2-equivalent greenhouse gases annually. As juice evaporation largely determines 
the energy efficiency of a sugar factory, any improvement in evaporation efficiency 
will increase the ability of sugar factories to produce renewable electricity reducing 
CO2 emissions in electricity generation. Along with these reductions, efficient scale 
control strategies will also reduce the amount of hazardous chemicals used for the 
cleaning of evaporators. Both of these outcomes will increase the environmental 
sustainability of the sugar industry in Australia. While much is known about the 
composition of the deposits that form in the evaporators, little is known about how the 
juice components impact on the scale-forming components. Improvements in scale 
management can only come through understanding these complex interactions. 
The components of the scale to a large extent originate from the composition 
of the sugar juice. Silica is an essential trace element in the sugar cane plant and also 
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may be introduced to the system through soil contamination. Oxalic acid is naturally 
present in the sugar cane plant as well and can also be produced from the 
decomposition of the sugar juice during processing (11). Calcium ions are present in 
the cane plant and are also added to the juice during clarification (1, 8). Similarly 
phosphate derives from compounds naturally present in the juice and from the 
phosphoric acid added to improve clarified juice quality (16). As the sugar solution 
becomes more concentrated amorphous silica (SiO2) and calcium oxalate (CaOx), as 
either calcium oxalate monohydrate (COM) or calcium oxalate dihydrate (COD), are 
deposited on the heat exchange surfaces, forming a composite. While other forms of 
scale in the sugar factory evaporators are relatively easy to remove, this composite is 
more resistant to both chemical and mechanical cleaning. 
Yu et al. (17-19) investigated the mechanisms of CaOx-SiO2 composite 
fouling by investigating the interactions between CaOx and SiO2 in basic synthetic 
juice solutions. It was demonstrated, in batch tests, that CaOx-SiO2 interactions affect 
both the CaOx crystallization and silicic acid polymerization in sucrose solutions. 
However, these studies were preliminary in nature and did not look at the effect other 
juice components can have on crystallization and polymerization. 
As a result, the overall objective of the project was to investigate the effect of 
sugarcane juice composition on CaOx-SiO2 composite fouling and the characteristics 
of the composite in the evaporators in order to model the fouling process more 
effectively than has previously been possible. The specific objectives of this work 
were to: 
1. Investigate the mechanisms of composite fouling from factory evaporator 
scales. 
2. Establish how juice composition is related to the chemical and physical 
structure of the CaOx-SiO2 composite. 
3. Quantify how inorganic and organic juice components affect the kinetics and 
thermodynamics of composite scale formation. 
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1.3. Summary of Chapters 
This chapter (Chapter 1) summarizes the impact of fouling on industry and on 
sugar factories. The production of raw sugar from sugar cane is outlined and the 
significance of fouling during the process established. This chapter also introduces the 
aims and objectives of this thesis in context of the reviewed literature. 
Chapter 2 introduces the basic concept of fouling and reviews the relevant 
literature that motivated this study and establishes a background for the results 
emerging from this study. It covers the relevant fouling mechanisms in more detail 
and calcium oxalate and silica fouling in the sugar and other industries. It also talks 
about composite fouling and the challenges it presents. There is also a critical review 
of the previous work into calcium oxalate and silica composite fouling, in particular a 
review of the studies that this thesis builds on. 
Chapter 3 contains two articles covering the detailed analysis of a tube taken 
from the 4th vessel of Mulgrave Central Mill and another taken from the 5th vessel of 
Broadwater Mill. These papers talk about the advantages of elemental cross-sectional 
analysis when coupled with standard bulk analysis techniques and reveal the finer 
structures of the scale analyzed and explain the impacts on chemical cleaning scale 
structure can have. Analysis revealed differences between the scale formed at the 
bottom, middle and top of the vessels showing variations in the scale forming 
mechanisms along the height of the tube. Also, a Si-Mg-Al-Fe-O mineral not 
previously reported in the sugar industry was found. 
Chapter 4 talks in more detail about the fouling mechanisms found in the 
evaporators of the sugar industry based on the data in Chapter 3 and cane juice 
analysis. The effects of different juice components on fouling species are discussed 
including first order thermodynamic calculations. The chapter also covers evaporator 
design and juice flow when discussing the fouling mechanisms and scale structure. 
Chapter 5 discusses laboratory batch tests designed to evaluate the 
significance of different solution components (found in sugar cane juice) on the order, 
rate and solubility of silica and calcium oxalate co-precipitation. Response surfaces 
are presented based on a central composite experimental design relating the solution 
components to those parameters, providing the first steps towards a quantitative 
model for scale formation. The effect of different solution components on the crystal 
habit of calcium oxalate is also discussed. 
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Chapter 6 looks at the effect of sucrose concentration and different organic 
acids, found in sugar cane juice, on the calcium oxalate crystal habit and phase. It 
gives insight in to why the less thermodynamically stable calcium oxalate dihydrate is 
found in sugar mill evaporators. 
Chapter 7 elaborates on the overarching conclusions from this work. 
Chapter 8 discusses opportunities for future work in the areas of batch tests, 
factory related analysis and scale inhibitors. 
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2. Literature Review 
2.1. Fouling Mechanisms 
Fouling is a complex process that generally involves a number of 
physiochemical phenomena. These phenomena can be grouped into five different 
mechanisms based on the physical and chemical process essential for each. These 
mechanisms are: crystallization, particulate, chemical, corrosion and biological 
fouling (1). 
 
• Crystallization fouling has two subcategories: 
a. Precipitation fouling – crystallization from solution of dissolved 
substances onto the heat transfer surface, and 
b. Solidification fouling – freezing of pure liquids, or crystallization from 
the melt, onto subcooled surfaces. 
 
• Particulate fouling is the accumulation of fine solids suspended in the process 
fluid onto the heat transfer surface. 
 
• Chemical reaction fouling is deposit formation at the heat transfer surface by 
chemical reactions in which the surface material is not a reactant (e.g., 
polymer production, petroleum refining). 
 
• Corrosion fouling is the accumulation of products derived from chemical 
reactions of the surface material on the heat transfer surface. 
 
• Biological fouling results from the attachment of macroorganisms and 
microorganisms and/or materials generated by these organisms (e.g., adherent 
slimes). 
 
As the present study is on heat exchangers, specifically sugar factory 
evaporators, the definition of fouling (deposition of impurities at a phase interface) 
will be restricted to the liquid-solid interface. Given the high operational temperatures 
in evaporators biological fouling does not occur. Also, as the calandria tubes in 
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modern evaporators in the Australian sugar industry are made from stainless steel 
corrosion fouling is not a serious issue. However, crystallization fouling, particulate 
fouling and chemical reaction fouling can all occur and the deposit formed by these 
processes (along with corrosion fouling) is commonly called scale. 
 
2.2. Deposit Formation 
Deposit formation is not a simple process because a number of fouling 
mechanisms can occur simultaneously and is further complicated by the variable 
conditions that occur in industrial systems. It is useful to break deposit formation 
down into five manageable stages (1): 
1. Initiation or induction period – Conditions under which a system can foul are 
established and first layers of foulant are laid, e.g., nuclei for crystallization 
fouling are formed or organic layers are deposited for biological fouling. 
2. Transport – During this event, deposit-forming components are transported to 
the surface. The deposition flux (
! 
˙ m d ) can be related to the concentration 
gradient by the semi-empirical relationship: 
 
! 
˙ m d = kt (Cb "Cs)  (2.1) 
 
where Cb and Cs are the concentrations in the bulk and at the surface 
respectively and kt is a transport coefficient. Transport to the surface can occur 
by convection or diffusion depending on the design and operating conditions 
of the plant equipment. Some types of diffusion include gravity, turbulent 
diffusion, diffusiophoresis, Brownian diffusion, electrophoresis and 
thermophoresis. 
3. Attachment – Attachment of the fouling species to the wall follows transport 
of the key components to the wall, where the solid that deposits is formed, 
except in the case of particulate fouling, where attachment is based on sticking 
probability. 
4. Removal – Removal (
! 
˙ m r ) of the deposit may or may not begin at the same 
time as deposition and is directly proportional to both the deposit mass (m) 
and the shear stress (
! 
"s) on the heat transfer surface, and is inversely 
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proportional to the deposit strength (
! 
" ) which can be expressed by the 
relationship proposed by Kern and Seaton (2): 
 
! 
˙ m r =
B"sm
#
 (2.2) 
 
where B is a constant related to the Reynolds number.  
5. Aging – As soon as a deposit is formed it starts to age. Aging processes may 
include changes in crystal or chemical structure (e.g., dehydration or 
polymerization respectively). Such changes can increase the strength of a 
deposit with time. Alternatively, changes in crystal structure, chemical 
degradation or thermal stresses, may result in a decrease in deposit strength 
with time. Therefore a deposit that is not hydrodynamically removable at the 
beginning of a run may become so when the deposit strength has reached a 
lower limit, below which it can be removed by moving fluid. 
 
Growth of a fouling layer over time is not necessarily linear but depends on 
the relationship between deposition and removal which may form one of four 
relationships shown in Figure 2.1, depending on the dominant fouling event (1, 3, 4): 
 
a. Linear growth is typical for scales composed of a pure uncontaminated salt, 
e.g., Calcium sulfate dihydrate. Removal of the scale is at a constant rate or 
nonexistent. 
 
b. A falling rate curve results from a decreasing deposition rate and/or an 
increasing removal rate. This occurs when crystallization and particulate 
fouling occur simultaneously and is found for scales with low mechanical 
strength. 
 
c. Asymptotic layer growth occurs when the removal rate equals the deposition 
rate. This can be caused by a change in process conditions or can be inherent 
in the process itself. 
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d. A saw-toothed curve is indicative of a weak scale structure, which leads to the 
occasional shedding of deposit material. Here the foulant is periodically 
removed in part or in full by the process. This relationship has not been 
observed in the evaporators of sugar factories. 
 
 
Figure 2.1 – Fouling curves (1, 3, 4) 
 
2.3. Crystallization 
Crystallization may be defined as the formation of a crystalline solid from an 
amorphous substance, such as a liquid, solution or amorphous solid. Crystalline solids 
differ from amorphous solids in the regular arrangement of the constituent molecules, 
atoms or ions into a fixed rigid pattern known as a lattice. The term “regular 
arrangement” used to describe crystalline solids implies that crystals have some sort 
of order or repeating pattern to their structure. Ball (5) describes a crystal as any solid 
that has a repetitive structure. It is always possible to find the smallest group for 
molecules, atoms or ions that when repeated in three dimensions will reproduce the 
entire crystal. This smallest group is called the unit cell of the crystal. A unit cell must 
not only include the positions of the crystal constituents but also the space between 
them. It is the unit cell (constituent position and spacing) that determines the 
characteristic shape of the crystal (6, 7). 
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Two or more crystals that crystallize in almost identical forms are said to be 
isomorphous. Isomorphs are often chemically similar and can be represented by 
similar chemical formulae (7). A substance capable of crystallizing into different, but 
chemically identical, crystalline forms is said to exhibit polymorphism. 
The definition of crystallization given above is very general because of the 
number of ways in which a crystalline solid may be formed. For this study the concept 
of crystallization will be restricted to crystallization from solution. 
 
2.3.1. Solubility 
The solubility of a salt is the amount of salt present in a solution when the 
solution is in equilibrium with the solid phase (MxAy(s) ⇌ xMy+(aq) + yAx-(aq)), and is 
commonly expressed in mol/L, g/100 mL, parts per million (ppm) or other units (8). 
The equilibrium constant that reflects the solubility of a compound is referred to as its 
solubility product constant, Ksp. The general form of Ksp is: 
 
MxAy(s) ⇌ xMy+(aq) + yAx-(aq) Ksp = [My+]x[Ax-]y (2.3) 
 
It is a relatively simple process to get Ksp from the equilibrium concentrations 
of a salt and vice-versa. Ksp is also a function of the standard molar Gibbs free energy 
of reaction (∆rG0) according to Equation 2.4. 
 
! 
" rG0 = #RT ln Ksp( )  (2.4) 
 
where R is the real gas constant and T is the absolute temperature. ∆rG0 is related to 
the standard Gibbs free energy of formation (∆fG0) by Equation 2.5 (9). Values for 
∆fG0 for many pure compounds have been reported (10).  
 
! 
" rG0 = " fG0( )products # " fG
0( )reactants (2.5) 
 
In practice the fouling of industrial equipment is from a mixture of different 
compounds. The free energy of formation is dependent on each component and will 
be different from the free energy of formation of the pure compound (Equations 2.6, 
2.7 and 2.8). 
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! 
" rG0 = " fGSpure
0 # " fG M y+( )
0 + " fG A x#( )
0$ 
% & 
' 
( ) 
 (2.6) 
 
! 
" rG0 = " fGSmixed
0 # " fG M y+( )
0 + " fG A x#( )
0$ 
% & 
' 
( ) 
 (2.7) 
 
! 
" fGSmixed
0 = kl
l=1
n
# " fGSl0  (2.8) 
 
where kl is the mole fraction of the solid l (Sl) and 
! 
kl
l=1
n
" =1. In the co-precipitation 
process, the product may differ from that of single salt precipitation. This is supported 
by a large amount of experimental evidence (9, 11-21) in which crystal morphology 
and structure are different for the mixed and pure substances. Because of this, 
  
! 
" f GSmixed
0  is different from   
! 
" f GS pure
0  (Equation 2.8). It therefore follows that ∆rG0 for 
the mixed solid is different from ∆rG0 of the pure solid. As such, the Ksp (see Equation 
2.4) of the mixed salt is different from that of the single salt (15). 
Direct comparisons of the solubility of two or more salts based on their Ksp 
values can only be made between salts with the same ion ratio (i.e. the same values of 
x and y in MxAy) (8). Strictly speaking, the simple solubility product principle can 
only be applied to solutions of sparingly soluble salts (up to ~ 0.01 mol/L). A more 
fundamental approach involves the concepts of chemical potential and activity (7). 
 
2.3.2. Saturation and Supersaturation 
An aqueous solution that is in equilibrium with the solid phase is said to be 
saturated with respect to that solid (8). A solution containing more dissolved solid 
than that represented by the saturation condition is said to be supersaturated with 
respect to that solid. A supersaturated solution may be liable, where spontaneous 
deposition of the solid phase occurs in the absence of nucleation sites, or metastable, 
where spontaneous deposition of the solid phase will not occur (7). Supersaturation is 
essential for any crystallization, and the degree of supersaturation is the prime factor 
controlling the deposition process. Supersaturation can be achieved in a solution by; 
cooling, evaporation, addition of a precipitant or as a result of a chemical reaction 
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between two homogenous phases (7). The time between achievement of 
supersaturation and observation of crystallization is called the induction time (7). 
Supersaturation can be expressed in a number of different ways, among the 
most common expressions are the concentration driving force, ∆c, the supersaturation 
ratio, SS, and relative supersaturation, σ. These terms are defined as: 
 
! 
"c = c # c * (2.9) 
  
! 
SS =
c
c *
 (2.10) 
  
! 
" =
#c
c *
= SS $1 (2.11) 
 
where c is the solution concentration, c* is the equilibrium concentration at a given 
temperature. 
 Supersaturation can be related to the change in chemical potential of the 
solution associated with crystallization, Δµ, by the expression: 
 
! 
"µ = RTln#  (2.12) 
 
where R is the real gas constant and T is the absolute temperature (7). 
 
2.3.3. Nucleation 
Supersaturation in itself is not generally sufficient cause for a system to begin 
to crystallize (by the definitions above, most supersaturated solutions are metastable, 
not liable). Before crystals can grow in solution there must exist in the solution a 
number of minute solid bodies known as seeds, embryos or nuclei. Nucleation that 
occurs spontaneously is called ‘homogeneous’ nucleation while nucleation that is 
induced artificially by foreign particles is known as ‘heterogeneous’ nucleation. Both 
these types of nucleation are called ‘primary nucleation’. ‘Secondary nucleation’ 
refers to nuclei that are generated on the surface of, or by fragmentation of, crystals 
present in a supersaturated solution (7). 
The driving force for crystallization is the change in ∆rG0, which occurs with 
the creation of the new phase. The free energy (∆G) per molecule of the new phase is 
less than that of the solvated phase. This implies that the average energy of the new 
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phase is taken and this statement is true for the bulk of the new phase (crystal bulk) 
but not for the interface of the two phases (crystal surface). Because the surface 
molecules are less well bound to their neighbours than those in the bulk, their 
contribution to the free energy of the new phase is greater. The difference between the 
∆G per molecule of the bulk and that of the surface is referred to as the interfacial free 
energy (α) (22). 
Interfacial free energy (α) destabilizes the nucleus because it is always 
positive. This means that at a small size, when most of the molecules reside at the 
surface, the nucleus is unstable. Adding more molecules to the lattice increases the 
∆G of the system. However, once the nucleus is large enough the drop in energy due 
to the formation of the bulk phase becomes sufficiently high that the contribution of α 
is insignificant. When this occurs the addition of molecules to the new phase further 
decreases the ∆G of the system. It follows that there must be an intermediate size 
where the ∆G of the system is decreased when the nucleus is either dissolving or 
growing. This is known as the critical size (22). 
 
 
Figure 2.2 – Free energy diagram for nucleation (7) 
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If we model a nucleus in homogeneous nucleation as a sphere of radius r, the 
form that has the greatest bulk to surface ratio, then the free energy change per 
molecule (∆G) of the nucleus, made up from the sum of the free energy of the bulk 
(∆Gb) and the surface terms (∆Gs), will be: 
 
! 
"G = "Gb + "Gs  (2.13) 
! 
"G = # 43
$r3
%
& 
' 
( 
) 
* 
+ "µ + 4$r2,  (2.14) 
 
where Ω is the volume per molecule, µ is the chemical potential and α is the 
interfacial free energy. Figure 2.2 shows that there exists a value of r where increasing 
r (crystal growth) or decreasing r (redissolving) decreases the free energy of the 
system. This value of r is called the critical radius, rc, which can be determined by 
taking the derivative of ∆G with respect to r and equating to zero (d∆G/dr = 0) (22). 
 
! 
rc =
2"#
$µ
 (2.15) 
Substituting Equation 2.12: 
! 
rc =
2"#
RT ln$  (2.16) 
 
 Heterogeneous nucleation occurs when the interfacial energy between a 
crystal nucleus and a solid substrate is lower than the interfacial energy between a 
crystal nucleus and solution. This is because the bonds formed between the crystal 
and the substrate are stronger (more stable) than the bonds between the crystal and 
solution (bonds of solvation). Because enthalpy is mostly determined by chemical 
bonding, the stronger the bonds, the lower the α. The strength of the crystal-substrate 
bonds is strongly dependent on the structure and chemistry of the substrate surface. 
The substrate can promote strong bonding if it has an atomic structure that closely 
matches an atomic plane within the crystal structure (minimizing lattice strain), or a 
set of chemical functionalities that promote strong bonding to the nucleus, or both. 
With these conditions the interfacial energy becomes small and nucleation occurs 
preferentially on that crystal plane (22). 
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A similar analysis of critical radius can be performed for heterogeneous 
nucleation. In heterogeneous nucleation there are two new interfacial energies to 
consider, along with the liquid-crystal (α) interfacial energy, which are the substrate-
crystal (αsc) and liquid-substrate (αls) interfacial energies. For simplicity the form that 
will minimize the interfacial energy is assumed, which is a hemisphere of radius r on 
a flat surface. 
 
( )lsscr
rG !!!"µ" #++$%%
&
'
((
)
*
+
#=$ 2
3
2 23  (2.17) 
 
The new expression of rc becomes: 
 
! 
rc =
2" # $ 
RT ln%  (2.18) 
 
!
"
#
$
%
& '
'=(
)
))
))
2
1 scls  (2.19) 
 
α′ will be less than α provided (αsc) is less than (αls), which is the condition for 
heterogeneous nucleation.  
The probability of nucleation is strongly affected by the critical size (or critical 
radius) of the nucleus. The smaller rc is, the more likely nucleation is. From Equations 
2.15 and 2.18, it is evident that rc can be decreased by reducing interfacial energy or 
by increasing supersaturation (22). Comparing the critical radius for homogeneous 
and heterogeneous nucleation it can be seen that rc is larger in the case of 
homogeneous nucleation (22). 
Figure 2.2 also shows that along with critical radius there is a crystallization 
barrier, ∆Gn, which can be determined by substituting Equation 2.16 or 2.18 into 
Equation 2.14 (22): 
 
! 
"Gn =
16
3 #$
3 %
RT ln&
' 
( 
) 
* 
+ 
, 
2
 (2.20) 
 
 21 
2.3.4. Growth 
There is little energy advantage for an ion in solution to discard some of its 
solvating molecules and adhere to an exposed position on the surface of a perfect 
crystal as the increase in surface area (and therefore α) is large compared to the 
increase in bulk of the crystal. This is not the case when the surface has defects. A 
typical type of surface defect is a step between two otherwise flat layers called 
terraces. A step defect may have further defects called kinks. Defects act to trap atoms 
or molecules on the surface, and therefore making the surface grow. When an atom or 
molecule settles on a terrace it bounces across the surface under intermolecular 
potential. While moving along the terrace the atom or molecule interacts with one 
atom of the crystal surface but if that atom or molecule comes to a step or kink then it 
interacts with more atoms in the crystal surface. This interaction may be large enough 
to trap the atom or molecule causing the crystal to grow (6). As more atoms or 
molecules settle into the kinks and steps of the crystal face the terraces become 
complete and crystal growth stops. For continual growth there needs to be defects in 
the crystal surface that will continue to propagate as the crystal grows. The most 
common defect that allows continual growth is called a screw dislocation, where part 
of the crystal lattice is raised, originating from a point on the crystal surface. The 
lattice forming atoms and molecules are incorporated into the step and back around 
the point where the dislocation originated (Figure 2.3) (23). 
 
 
Figure 2.3 – Screw dislocation growth of calcite (24) 
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2.3.5. Epitaxial Growth 
An epitaxial relationship between two crystalline phases occurs when a guest 
crystal (g) nucleates and grows in a structurally dependent manner on the surface of a 
host crystal (h), giving the two crystalline phases the same structural orientation (25). 
The probability of epitaxial growth is adversely affected by a number of parameters, 
including high supersaturation (which suggests that epitaxy is favoured by slow 
growth and nucleation rates), high and low contact angle and increasing 
misorientation angle (ϕ), which increases the host/guest interfacial energy (αhg). 
Higher substrate temperature and a contact angle near the critical contact angle 
increase the probability of epitaxy. As with the misorientation angle (see Figure 2.4), 
the lower the supersaturation the greater effect the substrate temperature has on the 
probability of epitaxial growth (25). 
After the nucleation stages, the nuclei will sooner or later start to agglomerate. 
This agglomeration will increase as islands are formed and, at a later stage, these 
islands will join up until only channels are left. Eventually these will disappear and a 
continuous film will be obtained. Thin film growth experiments have shown that 
islands drift on the substrate during their growth and that they can rotate and rapidly 
“flow together” after contact. This means that epitaxy can occur during growth and 
not just at nucleation (25) 
 
 
Figure 2.4 – Generalized host/guest interfacial energy versus misorientation 
angle at low (a) and high (b, c) supersaturations (25) 
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2.3.6. Ostwald’s Ripening Principle and Rule of Stages 
The thermodynamic driver for crystallization is the minimization of ∆G (26). 
When the crystallizing solution reaches equilibrium, by Equations 2.16 and 2.18, the 
formation of new nuclei should not occur (as the system approaches equilibrium,  
σ → 0 and rc → ∞). The system can still minimize ∆G by having large (more 
energetically advantageous) crystals grow at the expense of the small crystals. This 
phenomenon is called Ostwald Ripening (27). 
Ostwald’s Rule of Stages states that when leaving a given state and 
transforming to another state, the state that is sought out is not the thermodynamically 
stable one, but the state nearest in stability to the original state (26). The original 
justification that Ostwald proposed for his rule was based on an analogy of gas-liquid 
equilibria and varying pressures by decreasing volume (26). The implication is that in 
crystallization the polymorph that is most like the liquid state, or solvated state (which 
typically has the largest ∆G) is formed first followed by more stable structures. 
Threlfall (26) gives a good review of Ostwald’s Rule of Stages based on structural 
and thermodynamic arguments, which will be summarised here. As mentioned earlier, 
the minimization of ∆G is the classic thermodynamic driver leading to the stable 
form, whilst the maximization of the rate of entropy production is the driver in 
irreversible thermodynamics (28), which leads to the less stable form (26). The less 
stable polymorphs have higher ∆G than the stable polymorphs, and hence require 
excess energy to be applied to the system in order to form. One source of excess 
energy in crystallization could be the need to remove the heat of crystallization at the 
point of nucleation. Unstable forms of the crystal may or may not form depending on 
the enthalpy of crystallization, the solution concentration and the rate of nucleation or 
crystal growth (26). 
The structural argument links the polymorph with the structure that is most 
easily derived from the solution structure as the polymorph that will crystallize 
preferentially because it is the easiest to form (not necessarily the least stable). The 
basis of this argument was developed, using solid state nuclear magnetic resonance 
(NMR) and infrared spectroscopy (IR), by observing similarities between polymorphs 
and the melt or solution of a substance (26). When forming a structure that is closely 
related to the solution structure the frequency factor, A, is higher than for structures 
that are less related to the solution structure. This increases the rate constant, k, as 
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evident in the Arrhenius Equation, 
! 
k = Ae"Ea /RT  (8). If there is excess energy in the 
system then the formation of the lattice that involves the least amount of structural 
change is likely to occur. 
Thermodynamic and kinetic factors are not completely independent of each 
other and independent consideration of the two can lead to contrary conclusions with 
respect to phase transitions. Many systems do not follow Ostwald’s Rule and it is a 
matter of competing forces in crystallization as to whether a system does follow it. 
(26). 
 
2.4. Calcium Oxalate 
Calcium oxalate (CaOx) is a sparingly soluble salt that can form three hydrates 
in aqueous solution; calcium oxalate monohydrate (COM, whewellite), calcium 
oxalate dihydrate (COD, weddellite) and calcium oxalate trihydrate (COT, caoxite). 
The solubility of calcium oxalate in water varies with the hydrates (see Table 2.1), 
COT is the most soluble followed by COD. COM is the least soluble of the three 
hydrates and the most thermodynamically stable. COM is also the only 
thermodynamically stable phase at high temperatures as the other hydrates readily 
undergo phase transformation via a dissolution – recrystallization process (21). 
 
Table 2.1 – Calcium oxalate hydrate solubilities and Ksp in water at 25˚C (29) 
Hydrate -log10Ksp (mol2/L2) Solubility (ppm) 
COM 8.77 6.0 
COD 8.34 11.1 
COT 8.24 13.8 
 
In a recent fundamental study, Thongboonkerd et al. (30) investigated the 
effect of mole ratio, order of addition, pH and stirring on CaOx crystallization in 
simple aqueous solutions. Thongboonkerd et al. (30) found that COD crystals were 
formed more frequently when 0.1-0.5 mmol/L Na2C2O4 was mixed with 5 mmol/L 
CaCl2 when compared to the other tests that were preformed. This confirms other 
work, which shows that a high Ca:Ox ratio promotes COD formation over COM (31, 
32). Thongboonkerd et al. (30) investigated CaOx crystallization over the pH range 
5 – 9 and found that pH > 5 promoted COM crystal twins and the formation of COD 
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crystals in solutions with a Ca:Ox of 10:1 (30). Thongboonkerd et al. (30) stated that 
stirring caused the CaOx crystals to be smaller and tended to transform from COM to 
COT needles and COD. However, no evidence was provided to show the 
transformation (e.g., x-ray diffraction (XRD), scanning electron microscopy (SEM) or 
Fourier transform infrared spectroscopy (FTIR)). 
 
2.5. Amorphous Silica 
Silica and silicates are generic names given to the family of silicon dioxide 
compounds derived from the dehydration-polymerization of silicic acid, Si(OH)4 (33). 
Silica is constantly dissolving and precipitating in natural waters. Its solubility in 
water at room temperature is 100-140 ppm (pH 0-9) and its solubility increases with 
increasing temperature, up to ~ 400 ppm at 95˚C, and rapidly increases when the 
solution pH > 9 (34). Silica is a major component of the scale formed in a variety of 
industries and most commonly enters industrial systems with the water used in the 
processes. In the sugar industry silica enters the system with the sugar cane, where 
silicon is a trace element, or from dirt that was transported with the cane (20). 
Silica does not exist in solution as SiO2 but as a number of silicate species in 
equilibrium (34): 
 
 
! 
SiO2 + 2H2O  ⇌ 
! 
Si(OH)4  (2.21) 
! 
Si(OH)4 +OH" ⇌ 
! 
HSiO3" + 2H2O  (2.22) 
 
! 
2HSiO3"  ⇌ 
! 
Si2O5" + 2H2O  (2.23) 
  
! 
HSiO3" +OH"  ⇌ 
! 
SiO32" +H2O  (2.24) 
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Supersaturated solutions of silicic acid (Si(OH)4, reactive/soluble silica) are 
thermodynamically unstable and undergo condensation polymerization via the 
following reaction (34): 
 
! 
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where n = number of silicon atoms in a polysilicic acid molecule, particle or 
polymeric network 
x = number of OH groups per silicon atom in the polymer, not exceeding 4 
m = the number of monomeric silicic acid molecules added to the polymer 
p = fraction of the hydroxyl groups per monomeric silicic acid molecule that 
are converted to water during the polymerization reaction. 
 
In the case of complete dehydration (e.g., dense amorphous silica) the reaction 
can be simplified to (34): 
 
! 
SinO2n +mSi OH( )4  ⇌ 
! 
Sin+mO2n+2m + 2mH2O  (2.26) 
 
Increasing temperature, decreasing supersaturation, increasing pH to greater than 9, 
and the presence of salts in solution all decrease the rate of polymerization. 
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As silica polymerizes it can come out of solution in two ways. Firstly it may 
deposit on a solid surface and secondly it may come out as colloidal particles which 
remain in suspension. A description of the two mechanisms follows (34): 
 
1. Silicic acid condenses with any preexisting solid surface that bears OH groups 
with which it can react, as shown in Figure 2.5. 
 
Figure 2.5 – Silica deposition on a metal (M) surface 
 
Once the surface is covered, further deposition is silica on silica, thus creating 
a film. The mechanism of this process is just the reverse of the dissolution of 
solid silica. The reaction is catalyzed by hydroxide ions and accelerated by the 
presence of salts. 
 
2. Colloidal particles form in solution if there is an insufficient area of receptive 
solid surface available to accept the silica rapidly. If the concentration of 
Si(OH)4 is greater than 200-300 ppm (pH dependent) then polymerization 
occurs. Oligomers are first formed (e.g., cyclic tetramer) which can condense 
to form small three-dimensional polymers. It is these polymers that are called 
colloidal particles. 
 
Colloidal silica can also deposit on a surface from a dilute solution when the 
conditions of pH and salt concentrations are close to those which cause coagulation or 
precipitation. Deposition occurs when the colloidal particles collide and combine with 
a receptive surface. Colloid concentration must be low otherwise the solution would 
rapidly coagulate or gel. Deposition of colloidal particles is greatly accelerated and 
the deposits are strengthened and denser when soluble silica is deposited with the 
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colloidal particles. Most silica deposits are probably built up by the deposition of 
colloidal particles (34). 
 
2.6. Composite Fouling 
Although crystallization fouling is just heterogeneous crystallization, in practice 
the fouling of industrial equipment is much more complicated than discussed above as 
multiple scaling salts form and other fouling processes, such as particulate fouling, 
also occur at the same time. The same degree of control that is applied to laboratory 
simulations cannot be applied to industrial processes. For example, laboratory studies 
involve the use of pure compounds of consistent quality, whereas industry feedstocks 
are of variable purity and composition. Also, process variables such as pH, 
temperature, conductivity, volume and mass flow are more difficult to control in 
industry because of the scale of operations. This complexity has led many researchers 
to conduct fouling experiments using single salts to determine kinetics and 
thermodynamics of scale formation. However, the results from these experiments 
have little success when they are applied to industry (14). Previous studies (11, 15-17) 
have shown that the precipitation of salts is effected by the presence of other soluble 
or precipitating salts in solution, which makes single salt data of limited use (14). 
The fouling deposits in the sugar industry consist of many components and 
Table 2.2 shows some of the typical scale components found in Australian sugar 
factories. Other compounds identified include amino acids (e.g., aspartic acid and 
glutamic acids), proteins, clay minerals (e.g., vermiculite) and undifferentiated 
organic matter (e.g., degraded bagasse). 
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Table 2.2 – Compounds identified in scales from Australian sugar factory 
evaporators (35) 
Compound Chemical formula 
Crystalline and amorphous calcium phosphates Ca3(PO4)2 
Hydroxyapatite Ca5(PO4)3OH 
Whitlockite  Ca9Mg(PO4)6(HPO4) 
Okenite CaO⋅2SiO2⋅2H2O 
Whewellite CaC2O4⋅H2O 
Weddellite CaC2O4⋅2H2O 
Calcite CaCO3 
Gypsum CaSO4⋅2H2O 
Babingtonite Ca2Fe2Si5O14(OH) 
Carbonate-fluorapatite Ca10(PO4)5CO3F1.5(OH)2 
Silica SiO2 (amorphous) 
Silica hydrate SiO2⋅H2O 
α-quartz SiO2 (crystalline) 
Calcium magnesium aconitate Ca2Mg(C6H3O6)2⋅6H2O 
Calcium aconitate Ca3(C6H3O6)2⋅3H2O 
Resenhahnite Ca3Si3O8(OH)2 
Maghemite Fe2O3 
 
The bulk of the scale formed in sugar factories is in the later effects (4th and 
5th) and is mostly composed of CaOx and SiO2 (see Table 2.3). Unlike most foulants, 
CaOx and SiO2 form a hard composite which is difficult to remove by conventional 
cleaning methods (36). 
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Table 2.3 – Typical scale composition in the 5th effect of an evaporator set in an 
Australian sugar factory (36) 
Component Concentration (wt%) 
COM and COD 51.3 
SiO2 33.3 
Hydroxyapatite (HAP) 7.8 
Others (fibres, proteins, polysaccharides, etc) 7.6 
 
2.7. Previous Work on Fouling in the Sugar Industry 
2.7.1. Precipitation Studies 
The precipitation of calcium oxalate and silica has been studied in both simple 
and multicomponent systems with and without sugarcane juice constituents. In a study 
on the thermodynamics of CaOx precipitation, Doherty (37) found that the apparent 
solubility product (Ksa) of CaOx decreased with increasing temperature and sucrose 
concentration but increased with increasing pH and that small changes in pH had a 
larger affect on the Ksa than small changes in temperature and sucrose concentration. 
Doherty (37) further investigated the effect that Ca2+ and Mg2+ ion concentrations had 
on the solubility of CaOx and found that Ksa of CaOx was increased with increasing 
sucrose and Ca2+ ion concentrations and decreased with increasing temperature and 
pH (Equation 2.27). 
 
log(Ksa × 109) = 1.507 – 0.009(T) – 0.050(pH) + 0.016(Suc) + 0.002[Ca2+] 
 (2.27) 
 
where Suc is the wt% of sucrose in solution and T is the temperature in ºC. Once 
again small changes in pH changed the Ksa more than small changes in the other 
parameters and [Mg2+] had no significant effect. The reason why increasing [Ca2+] 
increased Ksa is to do with the definition of Ksa as [Ca2+]×[C2O42-] where a large 
increase in [Ca2+] masks the decrease in oxalate ions due to the common ion effect. 
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When Doherty (37) looked at the effects on the oxalate ion alone he found that 
the equilibrium oxalate ion concentration increased with increasing temperature, pH 
and [Mg2+], but decreased with [Ca2+] (Equation 2.28). 
 
log(oxalate × 106) = 1.209 + 0.0053(T) + 0.043(pH) – 0.001[Ca2+] + 0.002[Mg2+] 
 (2.28) 
 
Yu et al. (19) found that in a simple aqueous solution containing only CaOx 
and SiO2 that CaOx solubility, precipitation apparent rate coefficient (k) and apparent 
order (n) increased with increasing [SiO2]. Yu et al. (19) also found that SiO2 
polymerization k increased with increasing [Ca2+] and that the presence of CaOx 
reduced the supersaturation threshold for the formation of colloidal SiO2 but had little 
effect on the overall solubility of SiO2. However, it has recently been found that there 
are problems with the data treatment of Yu et al. (see below).  
Yu et al. (20) repeated these tests in sucrose solutions starting with single 
foulants and then in tests where both SiO2 and CaOx were present. It was found that 
increasing sucrose concentration increased k for both SiO2 and CaOx and decreased n 
of CaOx precipitation from 3.4 (0 wt% sucrose) to 2.5 (40 wt% sucrose). Increasing 
sucrose levels also reduced the solubility of both CaOx and SiO2. In the system with 
both foulants (at 25 wt% sucrose) increasing the concentration of SiO2 decreased n of 
CaOx precipitation from 2.6 (0 ppm SiO2) to 2.2 (320 ppm SiO2) and increased k 
from 10 to 1600 mol.L-1.h-1 for the same concentrations. Solubility changes of CaOx 
by SiO2 were found to vary depending on the amount of CaOx in the starting solution. 
For concentrations lower than 140 ppm, CaOx solubility increased with increasing 
[SiO2] but for values higher than 140 ppm solubility was decreased. There were small 
changes in n and k of SiO2 polymerization caused by different CaOx concentrations at 
25 wt% sucrose. n and k were around 1.4 and 2.4 respectively in the presence of 
CaOx and 2.1 and 0.13 respectively in the absence of CaOx. However, in 40 wt% 
sucrose solution Yu et al. (20) found that the rate and order of SiO2 polymerization 
were increased by low concentrations of CaOx (50 ppm) but at higher levels the n and 
k decreased and at 150 ppm CaOx the SiO2 polymerization was considerably reduced. 
They also reported that the presence of CaOx reduced the supersaturation threshold 
for the formation of colloidal SiO2 but had little effect on the overall solubility of 
SiO2 in the 25 wt% sucrose tests, similar to the tests conducted in water. Yu et al. (20) 
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suggested a number of mechanisms that could be occurring in solution, including the 
formation of a CaOx-sucrose complex, which could provide nucleation sites for SiO2 
polymerization. 
When CaOx was precipitated from solutions of 10 %, 25 % and 40 % sugar 
the main phase was monoclinic COM for the two lower sugar concentrations, with a 
small amount of bipyramidal COD. At the higher sugar concentration COD crystals 
became the main phase (21). The presence of SiO2 in solution also affected the crystal 
phase of CaOx formed (21). COM is the dominant phase of CaOx when precipitation 
occurs at 60 °C (pH of 8.0) but a high SiO2 supersaturation changes the dominant 
phase to COT, with small amounts of COM (21). 
 
2.7.2. Calculation of Kinetic Parameters 
The equations used by Yu et al. (19, 20) for the kinetic studies of CaOx and 
SiO2 were reported incorrectly in the published accounts of this research. The rate 
equation describing the precipitation of CaOx and SiO2 can be expressed as: 
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where k is the rate constant, σ is the relative supersaturation, n is the order of reaction, 
qt and qe are the ionic product of calcium and oxalate at time t and at equilibrium, 
respectively with units of mol2.L-2. Equation 2.31 is the reported integrated 
expression of Equation 2.29 with Equation 2.30 substituted in for σ, with the 
boundary conditions t = 0 to t = t and qt = q0 to qt = qe and arranged to make qt the 
subject. However, substituting Equation 2.30 into Equation 2.29 and then integrating 
does not give Equation 2.31. 
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If Equation 2.11 (see Section 2.1.2) is substituted into Equation 2.29 and then 
integrated with the same boundary conditions Equation 2.32 results: 
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where Ct, C0 and Ce are the concentrations at t = 0, t = t and equilibrium respectively. 
While minor, the mistake is misleading as Equation 2.32 was used not Equation 2.31. 
Equation 2.32 was used to obtain values for n and k in SigmaPlot, as reported 
by the authors (19, 20). It was simplified to: 
 
! 
Ct = a "
b
1+ ct[ ]
1
d
 (2.33) 
 
where b = Ce – C0 and a, b, c, and d were varied without restriction. This gave 
Equation 2.33 four variables when, in reality, it should only have two. C0 and Ce 
should be determined experimentally with variation of C0 and Ce only within the 95 % 
confidence interval (bounded). This was not the procedure used by Yu et al. (19, 20). 
Yu et al. (19, 20) used initial estimates of a and b from the experimental data to 
mitigate the possibilities of false results caused by curve fitting, however in reviewing 
Yu’s work many of the values generated for C0 and Ce, used in determining n and k 
values, are well outside expected error margins. These values which do not reproduce 
the experimental data for C0 and Ce add significant error to the values of n and k 
reported. 
Yu et al. (19, 20) ran the SiO2 polymerization tests for a minimum of 4 days. 
While this is not a significant problem in simple aqueous solutions, in sugar solutions 
the solution chemistry changes with time as the sucrose degrades (Section 1.1). 
Significant degradation occurs over 24 h (measured at ~ 33 % in a synthetic juice 
solution, 40 % sucrose) and data points beyond this time are not representative of the 
initial solution conditions. Unfortunately this makes at least two thirds of the SiO2 
data collected by Yu et al. (19, 20) questionable. Furthermore, in the fitting process 
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induction periods were not taken into account and kinetic values were determined for 
“dormant” solutions. All these issues add significant error to the n and k values 
reported by Yu et al. (19, 20). 
 
2.8. Silica and Calcium Oxalate Fouling in Other Industries 
While most natural waters are undersaturated with respect to amorphous SiO2 
and silicates, utilizations of natural waters in industry leads to deposition of silica and 
silicates (33). Production of pure water from natural waters (seawater, brackish water, 
lakes, rivers and wells) can lead to catastrophic fouling events (38) that require the 
use of hazardous chemicals or labour intensive mechanical cleaning techniques to 
remove (33). The water is treated a number of times via different techniques to reduce 
the probability of fouling and a cap is kept on the level of SiO2 in the feed solution 
(33, 39). 
Sheikholeslami and Tan (39) investigated the effects of initial SiO2 
concentration and calcium and magnesium ions for the polymerization of SiO2 in 
batch and dynamic tests. In batch tests, it was found that both calcium and magnesium 
ions increase the rate of polymerization but neither ion was found in the elemental 
analysis of the deposit that formed on the surface of the membranes. It was concluded 
that they have a catalytic affect on SiO2 polymerization. In dynamic tests the percent 
recovery of permeate, flux across the membrane and run time were measured for tests 
with different initial SiO2 concentrations and constant Ca2+ and Mg2+ ion 
concentrations. It was shown that higher initial concentrations of SiO2 fouled the 
membranes faster than the low concentrations, but as the runs continued the flux 
across the membrane decreased more rapidly in the lower initial SiO2 concentration 
tests. This resulted in a longer run time for tests with a low initial SiO2 concentration. 
This was attributed to different fouling mechanisms. In the higher SiO2 concentration 
runs, colloidal SiO2 formed in the solution and deposited on the surface creating a 
porous layer of scale allowing the transfer of water but at a reduced rate. In the lower 
SiO2 concentration runs, SiO2 polymerized directly onto the membrane surface 
creating a hard, low porosity deposit blocking the transfer of water. 
Sheikholeslami and Tan (39) conducted a further series of runs where the 
Ca:Mg ratio was varied and the SiO2 concentration was kept constant (150 ppm). 
With a Ca:Mg ratio of 1.3, the initial drop in flux was smaller than the run with a 
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Ca:Mg ratio of 0.4 and the drop was significantly more rapid. The run times were;  
90 h for the Ca:Mg ratio of 1.3 and 78 h for the Ca:Mg ratio of 0.4. It was concluded 
that Mg2+ ions were catalysing the reaction more than Ca2+ ions and therefore 
favouring a colloidal deposition mechanism at low Ca:Mg ratios.  
In a review, Chan (40) describes the problems caused by silica fouling from 
geothermal waters and a number of relationships between silica solubility and 
solution parameters and constituents. Chan (40) showed that increasing temperature 
and pressure increased SiO2 solubility, with pressure the less significant effect. Chan 
(40) also discussed the significance of salinity on the solubility and polymerization of 
SiO2. The presence of electrolytes reduced the solubility of SiO2 and the reduction 
was shown to reasonably fit the equation: 
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where Cemix is the equilibrium concentration of SiO2 in a polyelectrolyte solution, mi 
and Di are the molality and Setchenow parameter (Table 2.4) of electrolyte i 
respectively. Salts containing Mg have the highest D parameter and therefore cause 
the greatest drop in solubility. Salts containing Ca are not given in Table 2.4 but 
elsewhere Chan (40) gives a series of cations arranged in order of greatest effect to 
least effect on SiO2 solubility: 
 
Mg2+ > Ca2+ > Sr2+ > Li+ > Na+ > K+ 
 
Other than decreasing the solubility of SiO2, electrolytes were shown to 
decrease polymerization induction time but not to have a significant effect on the rate 
of polymerization (40). 
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Table 2.4 – Setchenow parameters (b-1) for the solubility of SiO2 in 
polyelectrolyte solutions (40) 
Salt 25 ºC 100 ºC 150 ºC 200 ºC 250 ºC 300 ºC 
NaCl 0.0803 0.0619 0.0515 0.0427 0.0353 0.0295 
NaSO4 0.0394 0.0113 -0.0129 -0.0413 -0.0413 -0.1113 
MgCl2 0.2540 0.2160 0.1870 0.1540 0.1540 0.0796 
MgSO4 0.1590 0.0940 0.0690 0.0270 -0.0250 -0.0910 
NaNO3 0.0722 0.0574 0.0479 0.0387 0.0298 0.0212 
KCl 0.0280      
KNO3 0.0250      
LiCl 0.1430      
LiNO3 0.1320      
 
The formation of CaOx scale is relevant to a number of industries other than 
the sugar industry. The formation of “beer stone” (of which CaOx is a component) in 
the brewing industry creates an unsanitary surface that can harbour microorganisms 
(41). The microorganisms can infect the beer causing “off flavours” and shortening 
the shelf life. In the worst case the whole batch of beer can be ruined. The main 
components of beer stone have been identified as calcium and magnesium salts and 
various organic compounds from the brewing process (41). The use of scale inhibitors 
in the brewing industry is limited to compounds approved by the United States Food 
and Drug Administration (FDA) (e.g., short chain poly(acrylic acid)), similar to the 
sugar industry (42), however, CaOx control is generally achieved by keeping a ratio 
of at least 4:1 Ca:Ox in the process (43). 
In the pulp and paper industry a CaOx scaling problem has recently developed 
because of a change in bleaching agent due to environmental regulations (44). The 
change from chlorine to chlorine dioxide as the oxidant in the first stage of bleaching 
results in oxalic acid formation. The CaOx scale generally forms on the pulp washers, 
reducing performance and increasing bleaching costs. Keeping the pH in the range of 
2.5-2.8 in the first stage of bleaching is enough to significantly reduce, or even 
eliminate CaOx fouling in the washers but can leave the factory vulnerable to barium 
scaling events (particularly in factories with water recycling loops) (44, 45). 
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CaOx fouling in the urinary tract (kidney and bladder stones) has been a topic 
of interest in the medical field for some time. Studies on the role that urine 
composition plays on the formation of stones are essential in understanding the 
problem. Magnesium, sodium, potassium, organic acids (citric acid in particular) and 
other organic and inorganic compounds have all been the subject of study (29, 46-48). 
Studies on the effect on Mg2+ on the crystallization of CaOx suggest that Mg2+ 
inhibits the growth and/or nucleation of COM, COD and COT (49-54). Under certain 
conditions Mg2+ appears to promote COD precipitation over COM and it has been 
shown that Mg2+ has a surface effect on the CaOx crystals and is not incorporated into 
the crystal lattice (50, 53). 
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3. Characterization of Scale Deposits 
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3.1.1. Abstract 
Most studies on the characterization of deposits on heat exchangers have been 
based on bulk analysis, neglecting the fine structural features and the compositional 
profiles of layered deposits. Attempts have been made to fully characterize a fouled 
stainless steel tube obtained from a quintuple Roberts evaporator of a sugar factory by 
using x-ray diffraction (XRD) and scanning electron microscopy techniques. The 
deposit contains three layers at the bottom of the tube and two layers on the other 
sections and is composed of hydroxyapatite, calcium oxalate dihydrate and an 
amorphous material. The proportions of these phases varied along the tube height. 
Energy dispersive spectroscopy and XRD analysis on the surfaces of the outermost 
and innermost layers showed that hydroxyapatite was the major phase attached to the 
tube wall, while calcium oxalate dihydrate (with pits and voids) was the major phase 
on the juice side. Elemental mapping of the cross sections of the deposit revealed the 
presence of a mineral, Si-Mg-Al-Fe-O, which is probably a silicate mineral. Reasons 
for the defects in the oxalate crystal surfaces, the differences in the crystal size 
distribution from bottom to the top of the tube and the composite fouling process have 
been postulated. 
 
 44 
Keywords: Fouling; Heat exchangers; Calcium oxalate; Hydroxyapatite; 
Silica; Elemental mapping 
 45 
3.1.2. Statement of Authorship 
The authors listed below have certified that: 
• They meet the criteria for authorship in that they have participated in the 
conception, execution, or interpretation, of at least that part of the publication 
in their field of expertise; 
• they take public responsibility for their part of the publication, except for the 
responsible author who accepts overall responsibility for the publication; 
• there are no other authors of the publication according to these criteria;  
• potential conflicts of interest have been disclosed to (a) granting bodies, (b) 
the editor or publisher of journals or other publications, and (c) the head of the 
responsible academic unit, and 
• they agree to the use of the publication in the student’s thesis and its 
publication on the QUT ePrints database consistent with any limitations set by 
publisher requirements.  
 
In the case of this article: 
Deposition of Hydroxyapatite and Calcium Oxalate Dihydrate on a Heat Exchanger 
Tube. Asia-Pacific Journal of Chemical Engineering. 2011; 6(6); Pages 921-932. 
 
Contributor Statement of contribution 
C. P. East 
 
Date: 05/06/2013 
This author is responsible for sampling, all analysis, data 
interpretation and the initial first draft of the paper and 
subsequent revisions of the later drafts until the final submission. 
W.O.S. Doherty 
This author supervised the analysis, helped with the data 
interpretation and edited the drafts of the paper. 
C.M. Fellows This author edited the paper drafts. 
H. Yu This Author gave valuable input. 
 
 
 46 
Principal Supervisor Confirmation 
 
I have sighted email or other correspondence from all Co-authors confirming their 
certifying authorship. 
 
 
 
Professor William Doherty 
 
5th of June, 2013 
 
 47 
3.1.3. Introduction 
More than 80 % of industrial heat exchangers suffer from fouling problems, 
requiring extra capacity to cover shutdowns and costly cleaning cycles. World-wide 
costs associated with heat exchanger fouling (present in oil and gas, chemical, 
petrochemical, mineral processing, power generation, food processing and pulp and 
paper) have been estimated at over US$26 billion per year for industrialised countries 
(1). Recent efforts across the globe have focussed on developing strategies to help 
ameliorate the problem. 
From an environmental point of view, the Australian sugar industry currently 
produces ~ 1,100 GWh of renewable electricity abating in excess of 1.1 M tonnes of 
CO2 –equivalent of greenhouse gases annually. As the juice evaporation performance 
largely determines the energy efficiency of a sugar factory, reduced fouling will 
improve evaporator station efficiency and increase the ability of the factory to 
produce renewable electricity.  
During sugar manufacture from sugarcane, clarified juice containing between 
12 % - 15 % sucrose is passed through a number of evaporator units (heat exchangers) 
where most of the water is removed. Within each unit (i.e., vessel) the juice is boiled 
in stainless steel tubes (i.e., calandria), which is heated by circulating steam. Usually 
the juice passes through five units after which it contains ~ 65 % sucrose and is then 
passed to the pans for crystallization. During the concentration process the tubes 
become increasingly fouled as a result of the deposition of inorganic and organic 
compounds, lowering the heat transfer coefficients and consequent reduction in the 
thermal efficiency of the evaporator station. As a result, the sugar factories have to 
shutdown regularly so that the scale deposits can be removed and operational 
efficiency restored. The cleaning protocol used to remove the deposit is laborious, 
time consuming and expensive. To reduce scaling propensity in the sugarcane and 
allied industries, low molecular weight polymers, e.g., poly(acrylic acid), poly(maleic 
acid), acrylic-maleic copolymers and polyphosphonic acid inhibit or retard the 
crystallization of carbonates (1), sulfates (2-5), oxalates (6, 7), and phosphates (8) 
have been used with mixed successes. In the sugarcane industry these polymers are 
not very effective (9). This lack of effectiveness is thought to arise in large part due to 
the composition of the juice which contains high concentrations of lattice forming 
ions (e.g., Ca2+, Mg2+, SO42-, Al3+ etc.) (10, 11). In order to tailor-make scale 
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inhibitors for the sugar industry and develop cost-effective cleaning formulations the 
first objective is to fully characterize scale deposits. 
Doherty et al. (9, 10, 12-15) have used x-ray fluorescence (XRF), x-ray 
powder diffraction (XRD), thermogravimetry/differential thermal analysis, high 
performance liquid chromatography, atomic absorption spectrophometry and 
transmission electron microscopy to determine the composition of scales deposited in 
sugar mill evaporators. The composition of the scales formed in each factory were 
found to be significantly different and to depend on whether they originated from 
early or later stages of the evaporation process. Calcium oxalate, amorphous and 
crystalline silica, hydroxyapatite and organic matter were found to be present in most 
of the scales. These studies were based on bulk analysis, neglecting fine structural 
features and the compositional profiles of layered deposits. 
Shams El Din et al. (16) used visual, wet chemical analysis as well as spectral 
investigations (including XRD and energy dispersive x-ray spectroscopy (EDX)) to 
characterize scales from flash chambers of high-temperature multi-stage flash 
distillers, with an approach more detailed than that of Doherty et al. (13), as an 
attempt was made to characterize the composition of the layers within the scale. The 
scales were composed of brucite (Mg(OH)2), anhydrite (CaSO4) and calcite, and the 
thickness of the scales decreased with decreasing temperature in the distiller. There 
was also variation in the proportion of these phases with decrease in temperature in 
the distiller. Cosultchi et al. (17) attempted to characterize the inner and outer layer of 
a deposit in a petroleum well tube by using x-ray photoelectron spectroscopy analysis, 
XRD and atomic absorption spectroscopy. The inner layer was a ~ 15 µm black and 
hard corrosion product, while the thicker outer layer of ~ 1 cm was made up of 
hydrocarbons with a small amount of barium sulfate. Unfortunately, Cosultchi et al. 
(17) were unable to obtain the entire profile composition of the inner layer. The 
purpose of the present study was to obtain additional information on scale 
composition, than has previously been reported before, by using not only XRF, XRD, 
scanning electron microscopy (SEM) and EDX, but also backscattered electron 
imaging and EDX elemental mapping. The deposit that was characterized was from a 
tube from a sugar mill evaporator vessel. 
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3.1.4. Materials and Methods 
3.1.4.1. Materials 
A fouled stainless steel calandria tube (dimensions: 54 mm outer diameter, 2 
m length and a wall thickness of 1.3 mm) was obtained from the No. 4 Roberts vessel 
of a quintuple evaporator station from a sugar factory in North Queensland, Australia. 
The scale that deposited on the tube accumulated during 1 month of sugar processing 
and was obtained prior to cleaning. Typically juice that is fed to the fourth vessel 
contains ~ 36 % sucrose, ~ 700 ppm Ca, ~ 70 ppm P, ~ 250 ppm Mg, ~ 70 ppm Si,  
~ 200 ppm S, ~ 1700 ppm K and ~ 5 ppm Fe. Scales formed in the Nos. 4 and 5 
vessels of a quintuple evaporator set are the most difficult to control and remove. In 
the No. 4 vessel, approximately 40 % of the tube height is covered with sugar juice 
during processing. Steam in a multi-effect arrangement is used to heat the vessel with 
working pressure in the No. 4 vessel of 70 kPa absolute. Scale is generally cleaned 
from the evaporator surfaces with ethylenediaminetetraacetic acid tetra sodium salt, 
NaOH solution and sulphamic acid prior to sugar processing. This cleaning protocol 
may not remove all the scale. 
 
 
Figure 3.1 – A photo of a tube section with scale deposit 
 
Four 20 mm sections were cut from each end of the tube (starting 140 mm 
from the top and the bottom), and another fours section from the middle of the tube. A 
vertical cut was made in the wall of the each section so that it could be bent open to 
allow easy access to the deposit (Figure 3.1). Figure 3.1 shows how scale flaked off 
the tube surface as a result of the section being bent open. The flakes have a juice side 
(the side of the scale that is in contact with the juice) and a tube side (the side that is 
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attached to the tube wall). The tube sections were washed in distilled water for at least 
12 h to remove any residual sugar and then dried at 55˚C to a constant weight. 
 
3.1.4.2. Methods 
XRD studies on both the juice side and tube side of the flakes obtained from 
the bottom, middle and top sections of the tube were carried out using a PANalytical 
X’Pert MPD, Cuα (1.5418 Å) radiation with normal conditions. For bulk XRD 
analysis, these flakes were ground into a powder prior to analysis. To a portion of 
each powder, 10 wt % of corundum was added as an internal standard so that the 
proportion of the individual phases could be calculated. The x-ray patterns were 
indexed based on parameters obtained from the ICDD powder XRD card index. The 
data was analyzed using HighScore (v2.2, PANalytical, Netherlands) for quantitative 
analysis using a Rietveld based technique. The sum of the concentrations of the 
modelled phases is subtracted from 100 wt% to give a residue component. This 
residue is comprised of a non-diffracting component and unidentified phases. As a 
first approximation, these components have been grouped as the amorphous portion of 
the scale. 
The element composition of the bulk samples were analyzed using a Brucker-
AXS S4 Pioneer x-ray fluorescence spectrometer equipped with a AG Rh 22 
(Rhodium anode) tube. 
Scale flakes (on both the juice side and the side adhered to the tube surface) 
were gold coated and SEM images were obtained using a FEI Quanta 200 
Environmental SEM at an accelerating voltage of 15 kV. 
Scale flakes were also carbon coated and examined by EDX using a JOEL 
JXA-840 (20 kV, 1.0 nA, T3) and Analysis Program (v3.30, JOEL) for elemental 
composition of the surfaces. 
In another set of experiments, the flakes were set in resins, polished and cross 
sections were obtained which were then carbon coated and examined by EDX. The 
EDX was used for elemental mapping and spot analysis, where typically five spots 
were analyzed in an area and the average composition of each element calculated. 
Mapping provides information on elemental associations that may be missed by spot 
analysis. EDX elemental mapping was conducted on a JOEL JXA-840 (20 kV,  
3.0 nA, T2) with a 5 µs dwell time at each pixel over a 256 × 192 pixel grid using 
Analysis Station (v3.30, JOEL). Typically, 30 scans were used to collect data. 
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However, in some samples a smaller number of scans (2-5) was necessary in order for 
more detailed information on the relative concentrations of the elements that were 
“over exposed” in the longer scan time to be captured. For each cross-section image, 
pixel brightness is proportional to electron density. For each elemental map, the pixel 
brightness is proportional to the concentration of that element. Intensities are not 
normalised so it is not appropriate to compare pixel brightness between images. 
 
3.1.5. Results and Discussion 
3.1.5.1. Bulk Analysis 
The total amounts of the major mineral constituents for the bulk samples from 
the bottom and middle sections of the tube are shown in Table 3.1. There was 
insufficient sample for bulk XRF analysis of scale from the top section of the tube. Ca 
and P are the major constituents of the scale samples from the bottom and middle 
sections of the tube. In addition, there are reasonable amounts of Si and Fe. Al and S 
were also found in minute amounts. The scale from the bottom section of the tube has 
higher proportions of all the elements identified in Table 3.1 compared to the scale 
from the middle section. Also, the proportion of Ca/P is lower in the scale from the 
bottom (Ca/P = 2.58 bottom, Ca/P = 5.45 middle) of the tube suggesting a greater 
proportion of calcium phosphate in the bottom section. The loss on fusion (LOF) 
recorded for these samples are mainly associated with the volatilisation of organic 
matter, adsorbed H2O and water of crystallization, and decarboxylation of the 
inorganic compounds. 
 
Table 3.1 – Elemental composition expressed as oxides (wt%) of the deposit by 
XRF* 
Tube section SiO2 Al2O3 Fe2O3 CaO P2O5 SO3 LOF 
Bottom 3.75 0.17 0.91 42.3 26.9 0.12 21.8 
Middle 2.49 0.05 0.69 35.9 10.8 0.05 49.1 
* 1 % error 
 
The XRD diffraction patterns for the samples (including that from the top 
section) are given in Figure 3.2 as well as the ICDD reference patterns for weddellite, 
hydroxyapatite and corundum. The peaks increase in intensity from the bottom to the 
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top of the tube. This is due to increase in crystallinity of the crystalline phases and/or 
an increase in their proportions along the height of the tube. 
The major phases are hydroxyapatite (Ca5(PO4)3OH), weddellite (i.e., 
CaC2O4•2H2O) and an amorphous material. The proportions of these phases as well as 
the amorphous content are given in Table 3.2. The presence of CaC2O4•2H2O instead 
of the thermodynamically stable CaC2O4•H2O is due to the presence of the ions citrate 
(including other organic acids), magnesium, phosphate and silica in juice which are 
known to inhibit the formation of the latter (18). The amorphous component is 
expected to contain inorganic compounds, proteins, polysaccharides, lipids and 
degraded sugarcane fibre (13). 
 
 
Figure 3.2 – X-ray powder diffraction spectra of bulk samples (including the 
internal standard, corundum) obtained from (a) bottom (b) middle, and (c) top 
sections of the tube 
 
Table 3.2 – Scale components (wt%) of bulk samples as determined by XRD* 
Phase Bottom Middle Top 
Hydroxyapatite 60.1 16.6 < 2 
Calcium oxalate dihydrate 14.6 64.2 94.8 
Amorphous 25.4 19.2 3.2 
* 1 % error 
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Using the values of Table 3.2 to calculate the actual Ca and P contents 
associated with hydroxyapatite and CaC2O4•2H2O and comparing this to the XRF 
results of Table 3.1 show that the unaccounted P (up to 35 % of the XRF value for the 
middle section) and Ca (up to 13 % of the middle section) are probably associated 
with the amorphous phase. It is also probable that these elements are associated with 
microcrystalline compounds with concentrations below the detection limits of the 
XRD. 
Based on the XRF and XRD results, it is not possible to identify whether the 
Si is present as amorphous silica or as a silicate. It should be noted in a previous study 
by Doherty et al. (13), the Si in the scale sample from the No. 4 vessel from the same 
factory where the fouled tube was obtained was deduced to be amorphous silica by 
analysing the heated sample by XRD. 
Of interest in Table 3.2 is the trend in composition along the height of the 
tube. The phosphate and amorphous content decreases from the bottom to the top of 
the tube, while the oxalate content increases along the tube height. A number of 
factors are expected to influence the scale composition and the amount of scale 
formed along the height of the tube. These include temperature, pH, solubility limits 
and sucrose concentration (19). The bottom of the tube is a few degrees (˚C) hotter 
than the top, and the solubility of calcium phosphate is inversely related to 
temperature, so the proportion of phosphate in the scale should be higher at the 
bottom than at the top. The reverse is true for calcium oxalate. The trend observed in a 
single evaporator tube is similar to what prevails in an evaporator station in a sugar 
factory that processes sugar cane. As shown in Figure 3.3, calcium phosphate and 
hydroxyapatite in scale decreases from the first to the last evaporator vessel, whilst 
the amorphous silica, calcium oxalate, calcium sulfate and aconitate content increase 
from the first to the last vessel (20). 
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Figure 3.3 – Variation of scale components in an quintuple evaporator station 
(20), where brix is the dry solid wt per 100 g of sugar juice 
 
3.1.5.2. Surface Analysis 
EDX and XRD analysis were carried out on flakes on both the juice and tube 
sides for the bottom, middle and top of the tube to identify the main phases present on 
the surfaces of the outermost and innermost layers (Appendix 1.1.). It was found that 
hydroxyapatite was the major phase attached to the tube wall, while calcium oxalate 
dihydrate was the major phase for the surface in contact with the juice at all juice 
heights. 
Typical SEM micrographs for the surfaces of the scales are shown in Figure 
3.4. The micrograph of the scale attached to the bottom of the tube (Figure 3.4A) 
reveals a uniform coating of fine hydroxyapatite particles distributed on the tube wall. 
However, on the juice side (Figure 3.4B), well-formed tetragonal and bipyramidal 
crystals (with many voids and pits) of calcium oxalate dihydrate with length varying 
between 10 µm to 70 µm are embedded in a mesh of irregular microcrystalline 
particles. There is also a fibrous material in the oxalate matrix.  
In the middle section of the tube, the micrograph for the surface of the scale 
attached to the tube (Figure 3.4C) reveals an unevenly distributed meshy 
hydroxyapatite material with shallow holes and voids. The sizes of these voids ranged 
from 20 µm to 30 µm across. It is speculated that these voids were left behind by the 
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detaching bubbles around the nucleation sites on the tube surface. Under forced 
convective and nucleate flowing boiling heat transfer regime, bubble formation on 
certain nucleation sites of the heat exchange surface is observed (21, 22). These holes 
are replicated in the top section (see Figure 3.4E) where they are larger. 
On the juice side of the middle section of the tube, agglomeration of well 
formed bipyramidal crystals (25 µm to 80 µm) are shown (Figure 3.4D), though voids 
and pits are still present on the crystal surfaces (magnified further in Figure 3.5). 
Calcium oxalate dihydrate was also the predominant phase obtained in the top section 
of the tube. However, the main differences are in the crystal size and the number of 
pits and voids. The calcium oxalate crystals formed in the top section of the tube are 
bigger than those formed in the middle section, up to 165 µm in length but retain the 
same morphology. The number of pits and voids are smallest at the top of the tube. 
There is evidence of intergrowth between the crystals in both the middle and top 
sections of the tube (Figure 3.4D and 4F). 
A closer look at the voids and pits on the surfaces of the calcium oxalate 
crystals actually show patterns of pit edges in a scaffolding arrangement (Figure 3.5). 
The sharpness of the pit edges suggests a thermodynamic process rather than a kinetic 
one. Putnis et al. (23) have shown that a surface topography of etched pits in barium 
sulfate crystals was due to the dissolution process. It is therefore possible in this 
instance that the voids and pits result from a dissolution process occurring after the 
growth process during the crystallization of calcium oxalate in a sugar mill evaporator 
tube. This may arise as a result of changes in temperature and/or sucrose 
concentration which lowers the supersaturation of calcium oxalate (19), as well as 
changes in the concentration of the incoming juice. Other factors such as the juice 
volumetric flow may also impact on the propensity of the defects and probably 
accounts for why the pits and voids are more prominent in the crystals located in the 
bottom section of the tube than at the top. It may also be stated that the microstructure 
shown in Figure 3.5 may be as a result of inhibition on the surface of the growing and 
aggregating crystallites by natural inhibitors in the juice (24). 
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Figure 3.4 – Scanning electron micrographs of scale on (A) bottom tube side, (B) 
bottom juice side, (C) middle tube side, (D) middle juice side, (E) top tube side, 
and (F) top juice side 
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Figure 3.5 – Scanning electron micrographs of a calcium oxalate dihydrate 
crystal (left) and inset of the voids and pit edges on the crystal surface (right) 
 
The calcium oxalate crystals grew in size from the bottom to the top of the 
tube. The factors mentioned for dissolution process may also be applicable here. The 
temperature of the juice at the bottom of the tube is hotter than at the top, so rapid 
crystal growth with the formation of smaller crystals will occur at the bottom section 
of the tube due to reduced calcium oxalate solubility in line with Doherty and 
Wright’s model (19). Previous studies have shown that an increase in the wettability 
of a fluid could effect the heat transfer coefficient during nucleate boiling through its 
effect on nucleation site density on the surface (25, 26). Butterworth and Shock (25) 
observed that more wettable fluids which have smaller contact angles, as has been 
observed by Yu (22) with increasing sucrose concentration, are more likely to 
eliminate cavities on heating surfaces thereby reducing the number of active 
nucleation sites available. Broadfoot and Tan (27) found that the sugar concentration 
increases from the bottom to the top of the tube by up to 9 units. These observations 
help to explain the larger crystals of calcium oxalate formed on the top of tube. 
 
3.1.5.3. Analysis of the Cross Section 
Surface and bulk analysis does not provide sufficient information on the 
structure of multi-layer deposits. In order to determine whether the scale contains 
layers and the composition of those layers, SEM backscattering images and EDX 
analysis of the cross sections were carried out. Cross sections were only made for the 
scales located in the bottom and middle sections of the tube. The scale in the top 
 58 
section, approximately 40 µm thick (two layers), was too brittle for a cross section to 
be made, consistent with its high crystallinity. As reported in the previous section, 
hydroxyapatite was the major phase attached to the tube side, while calcium oxalate 
dihydrate was the major phase on the juice side. 
The cross section of the bottom section shows three layers (see Figure 3.6). 
The first layer (~ 250 µm) close to the tube side has a large number of pits/holes. The 
second layer of ~ 100 µm contains porous material, while the third layer of ~ 40 µm 
thick contains crystal aggregates. The EDX data for each of these layers is shown in 
Table 3.3. For the first and second layers Ca, C, P and O are the main elements 
implying that hydroxyapatite and organic matter are the major phases. Thus, the 
porous material is associated with organic matter and calcium phosphates. For the 
third layer, Ca is mainly bound to O suggesting that calcium oxalate dihydrate is a 
major phase. Organic matter is also present in reasonable amounts. The higher 
intensity (i.e., brightness) of the first layer relative to the other layers means a higher 
density and/or higher average atomic number of the particles in this layer relative to 
the others. 
 
 
Figure 3.6 – Backscatter micrograph of the cross section of the scale from the 
bottom section of the tube and a schematic representation. The large crack in the 
first layer is an artifact of sample preparation. 
 
The cross section of the scale in the middle section of the tube shows two 
distinct layers (see Figure 3.7). The first layer nearest to the tube side is 
approximately 25 µm – 55 µm in thickness. The EDX of Table 3.3 shows that it is 
predominantly hydroxyapatite. The second layer on the juice side has a thickness of  
~ 25 µm – 50 µm and it is predominantly calcium oxalate dihydrate. The calcium 
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oxalate dihydrate crystals form a cemented mass, unlike the agglomerated crystals in 
the third layer of the scale in the bottom section of the tube. 
 
Table 3.3 – EDX average values (wt%) for the elements in the layers* 
 Tube bottom Tube middle 
Element Layer 1 Layer 2 Layer 3 Layer 1 Layer 2 
C** 25.6 45.7 29.3 35.3 17.4 
O 31.9 26.6 46.2 31.6 51.3 
Mg 0.8 0.4 0.1 1.2 0.0 
Si 1.4 0.7 0.1 2.3 0.1 
P 12.5 8.5 0.2 9.1 0.1 
S 0.1 0.1 0.1 0.1 0.0 
Ca 26.2 17.1 23.4 19.4 30.9 
Fe 0.5 0.3 0.3 0.4 0.0 
* An overall error of 4 % for each value 
** An overestimation of ~ 2 % for the carbon content since material was carbon coated. 
 
 
Figure 3.7 – Backscatter micrograph of the cross section of the scale from the 
middle section of the tube and a schematic representation 
 
3.1.5.4. Elemental Mapping 
Elemental maps of the cross sections of the scales both from the bottom and 
middle of the tube have been carried out to show the spatial distribution of the 
elements within the layers in order to confirm the EDX results and establish the 
association between the elements. Figure 3.8 shows the maps of the main elements of 
the scale located at the bottom of the tube. A bright area of the map indicates a high 
 60 
concentration of the element, while a dark area of the map indicates a low 
concentration of the element. An overview of individual maps confirms the EDX 
microanalysis results. Calcium (see the brightness) is dominant in all layers. 
Phosphorus is reasonably dominant in the first two layers from the tube side leaving 
little doubt that calcium phosphate is present in these layers. Oxygen is most 
concentrated in the last layer, which is associated with calcium oxalate dihydrate. 
Figure 3.8 also highlights an interface layer between the first and second 
layers that was missed by the EDX analysis. This interface does not contain Ca and/or 
P but is composed of Si and Mg with small amounts of Al, Fe, and O. The association 
of these elements may suggest a Si-Mg-Al-Fe-O silicate compound. This interface 
layer is also repeated between the second and third layers. A closer look at the first 
layer closer to the tube side also shows traces of this compound. It could therefore be 
that, for this scale Si is present as a silicate rather than as amorphous silica. Further 
analysis is required to establish the form of Si. 
Elemental mapping of the cross section of the scale from the middle of the 
tube confirmed the EDX data (Figure 3.9). It also established a strong association 
between Si, Mg, Al, Fe, and O suggesting the presence of a silicate compound of 
similar composition as the one identified in the bottom layer. The proportion of this 
mineral is higher in the middle of the tube than at the bottom. 
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Figure 3.8 – Elemental maps of the cross section of scale from the bottom of the 
tube. Insets show areas of association of Si-Mg-Al-Fe-O 
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Figure 3.9 – Elemental maps of the cross section of scale from the middle of the 
tube 
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3.1.5.5. Composite Fouling 
The diffraction data shows that hydroxyapatite is the major phase at the 
bottom of the tube, while calcium oxalate dihydrate is the major phase at the top of 
the tube (Table 3.2). This is consistent with the trend observed in an evaporator 
station of a sugar factory, where temperature and sucrose concentration strongly 
influence the type of material that is deposited. The lack of silica and the higher 
proportion of hydroxyapatite in this scale, compared to what is generally obtained in 
the No. 4 vessel (see Figure 3.2), is probably related to differences in the composition 
of the juice process stream rather than operating conditions. Doherty et al. (28) have 
found that the clarification technique used by the sugar factory where the tube was 
obtained, which is different from the technique used by most Australian sugar mills, 
results in a higher proportion of P and a lower proportion of Si in the processing juice 
prior to evaporation. 
The scale formed at the bottom of the tube is thicker than that formed at the 
top. It is known that turbulent conditions can enhance scale detachment (29) and the 
top of the tube is expected to be most turbulent tube section (27). Also, 40 % of the 
tube height is immersed in juice giving the bottom more contact with the juice than 
the top. Adding to these two factors the gravimetric effect on particles in solution, the 
bottom of the tube will be more prone to particulate fouling than the top. 
In addition to the factors previously mentioned (i.e., solubility, wettability of 
fluids and sugar concentration) slower crystal growth is expected at the top of the tube 
due to the reduced availability of the sugar juice and particulate fouling. Thus, there 
will be less available active sites for secondary nucleation enabling crystals to grow to 
a larger size. 
Although the scale that deposited in the tube was obtained after 1 month of 
processing, the sugar factory conducted one cleaning exercise during this period. The 
exact date this was performed is not known, but occurred ~ 2 weeks after the 
commencement of the processing cycle. The cleaning formulation used by the sugar 
factory to remove scale from Nos 4 and 5 evaporators is ethylenediamine tetra-acetic 
acid tetrasodium salt (Na4EDTA). Na4EDTA is ineffective in solubilising 
hydroxyapatite and silica components of scale, but is effective on calcium oxalate 
dihydrate (30). This being the case, residual scale rich in hydroxyapatite would 
remain behind before the start of the 1 month processing cycle, and is most likely the 
first layer identified in the bottom scale sample. This layer then serves as a template 
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for growth to commence during subsequent juice processing. If it is assumed that after 
two weeks of operation, the surface of the scale on the juice side is predominantly 
calcium oxalate dihydrate, then this component would be removed during the cleaning 
process with Na4EDTA, leaving behind the second hydroxyapatite layer for the 
bottom section and the first hydroxyapatite layer of the middle and top sections of the 
tube. It is therefore hypothesised that on a clean tube during a processing circle, a 
hydroxyapatite rich layer will be deposited first prior to the deposition of the calcium 
oxalate dihydrate enriched layer. 
Based on these observations it is probable that mixed fouling is occurring in 
the tube with several fouling mechanisms occurring at the same time. Scale can be 
formed by both direct growth on the surface and in the bulk followed by cementation 
of the particles onto the surface. Hydroxyapatite and calcium oxalate dihydrate are 
almost certainly deposited by crystallization fouling, while silica-rich material and 
organic matter are deposited by particulate fouling. The SEM micrographs of COD 
(Figure 3.4) show that COD crystals increase in size from the bottom to the top of the 
tube meaning that particle growth is the dominant mechanism for this compound. The 
uniform coating of hydroxyapatite along the height of the tubes suggests a 
cementation mechanism. 
The preferential precipitation of a higher proportion of hydroxyapatite on the 
tube side is due to inverse solubility effect – hydroxyapatite forming preferentially on 
the hotter tube side. Shams El Din et al. (16) explained the differences in the 
proportions of the phases in multi-stage flash desalination distillers similarly, as an 
effect of temperature on the solubility of the individual phases. 
The reason for the existence of the interface layer containing high 
concentrations of Si-Mg-Al-Fe-O is not known, though it is also in pockects with the 
hydroxyapatite layers that indicates it was formed during a time of abnormally high 
solution concentrations of the associated elements. However, it is possible that it was 
left behind during the cleaning exercise after Na4EDTA removed the calcium oxalate 
dihydrate enriched layer. As this mineral remained intact even after Na4EDTA 
treatment, it is more than likely that the elements are covalently bonded suggesting at 
least the presence of a silicate compound. However, if the Fe is present as the oxide, 
the high working pH means that Na4EDTA would be unable to dissolve it. 
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3.1.6. Conclusion 
 The composition of scale formed in a Roberts evaporator tube from a sugar 
factory has been determined. Hydroxyapatite was the major phase that adhered on the 
stainless steel tube wall, while calcium oxalate dihydrate was attached on the outer 
surface that contacted the juice. The composition of the scale was found to be 
different along the height of tube with the proportion of hydroxyapatite decreasing 
from bottom to the top of the tube, whilst the reverse was true for calcium oxalate 
dihydrate. 
Three layers were identified for the bottom section of the tube, while two 
layers were found in the middle and top sections of the tube. An interface layer 
composed of Si-Mg-Al-Fe-O mineral (possibly a silicate) was identified between the 
first and second layers of the bottom section of the tube and also between the second 
and third layers. The interface was also present in the first and second layers of the 
middle section of the tube. This is the first time that a compound made up of  
Si-Mg-Al-Fe-O has been reported in a sugar mill evaporator scale. Though we have 
not identified this compound and it might not be a true compound, but a composite of 
many compounds. 
It is expected that this rigorous approach used in the characterization of the 
scale sample will provide additional information necessary for the design of chemical 
cleaning formulations and scale inhibitors. 
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3.2. Characterization of Sugar Juice Heat Exchanger Tube Deposit 
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3.2.1. Abstract 
Fouling of heat exchanger surfaces during sugar manufacture reduces 
productivity and increases energy demand. This study characterizes a deposit 
(including its internal structure) formed in a sugar factory’s evaporator unit using a 
variety of x-ray diffraction and scanning electron microscopy techniques (including x-
ray powder diffraction, x-ray fluorescence, elemental mapping with energy dispersive 
spectroscopy and backscattered electron imaging). Calcium sulfate dihydrate, calcium 
oxalate mono- and dihydrate, hydroxyapatite, amorphous silica and organic matter are 
present in the deposit. The composition of the deposit (which contains three layers) 
varies along the height of the tube. There are noticeable differences in the 
composition and porosity among the layers in the deposit. A porous structure 
consisting of a mixture of amorphous silica, calcium oxalate dihydrate and organic 
matter is attached on the surface of the deposit in contact with sugar juice, while a 
denser morphology of amorphous silica and hydroxyapatite is attached to the tube 
wall. Elemental mapping identifies an association between Si, Al, Mg, Fe and O, 
suggesting the presence of a silicate compound as a minor component in the deposit. 
An attempt is made to rationalize the formation of the observed phases. 
 
Keywords: Sugar mill evaporator scale; Fouling, Heat exchanger; Calcium 
oxalate; Silica; Calcium sulfate dihydrate; Hydroxyapatite; 
Elemental mapping 
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3.2.3. Introduction 
In a sugar factory the heat exchangers (i.e., evaporator units) in which the 
sugar juice is concentrated are run by steam. From an energy point of view the steam 
economy centres on the efficient running of the evaporators. During the concentration 
of sugar juice, there is continuous deposition of non-sugar impurities (i.e., scale) on 
the stainless steel tubes contained in the evaporators. Because the scale deposit has a 
low thermal conductivity, its accumulation impairs heat transfer and eventually the 
process becomes uneconomical owing to the increased amount of steam required and 
the production of lower than desirable sugar syrup concentration. The factory is then 
shutdown so that cleaning of the evaporators can be carried out. The duration between 
cleaning operations and the time required for cleaning depends on various factors 
such as the nature of the foulant, the type of cleaning chemical used, the configuration 
of the evaporators, the cleaning procedure adopted and the factory set up (1). 
Identifying the compounds present in scale helps in determining which cleaning 
agents to use and in the design of new ones (1). This information can also provide 
informed changes in the process to manage scale formation, and the selection of scale 
inhibitors. Techniques that have been used to determine the scale components include 
atomic absorption spectrophotometry, x-ray powder diffraction (XRD), x-ray 
fluorescence (XRF), thermogravimetry/differential thermal analysis, high 
performance chromatography, and optical and electron microscopy (1-7). The main 
drawback of these analytical techniques is that they are destructive and so only 
provide the overall chemical information of a deposit. No information on the 
existence of layers, or on the spatial information of the individual components within 
the layers. Some scanning electron microscopy methods show a good potential to 
obtain spatially resolved information on deposits, though these have not yet been 
employed to investigate sugar factory deposits. The combined use of XRD and energy 
dispersive spectroscopy (EDX) (8), and XRD and x-ray photoelectron spectroscopy 
(9, 10), have successfully been used to obtain additional information on the fine 
features of scale deposits in the desalination and petroleum industries. Recently, Tay 
and Kazarian have used combined macro- and micro-attenuated total reflection 
Fourier transform infrared spectroscopic imaging to characterise deposits from a heat 
exchanger of a crude oil refinery (11). The analysis yielded important information 
about the spatial distribution of the different components, although the proportions of 
the individual components could not be quantified. Having assessed these and other 
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techniques, we decided that for deposits from sugar factory heat exchangers x-ray 
diffraction and scanning electron microscopy techniques (including XRF, EDX, 
backscattered electron imaging and EDX elemental mapping) would be ideal for 
characterization of both the bulk and the internal structure of the deposit. 
 
3.2.4. Materials and Methods 
3.2.4.1. Materials 
One fouled stainless steel calandria tube (dimensions: 54 mm outer diameter, 2 
m length and wall thickness of 2.5 mm) was obtained at the end of the 2008 crushing 
season from the fifth vessel of a quintuple Roberts’ evaporator station of a sugar 
factory in New South Wales, Australia. Approximately 40 % of the tube height is 
covered with sugar juice during sugar processing in the fifth vessel. Steam in a multi-
effect arrangement is used to heat the vessel with a working pressure in the fifth 
vessel of 40 kPa absolute. The evaporators are cleaned every two weeks and the 
fouled was obtained prior to cleaning. 
 
 
Figure 3.10 – A fouled stainless steel tube 
 
Four 20 mm sections were cut from the tube starting 140 mm from the top and 
the bottom, and from the middle of each pipe. A vertical cut was made in the wall of 
the each section so that it could be bent open to allow easy access to the deposit. The 
tube sections were washed in distilled water for at least 12 h to remove any residual 
sugar and then dried at 55˚C until they were a constant weight. Flakes of scale were 
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obtained in order to expose the scale surface attached to the tube wall and the side in 
contact with juice. 
 
3.2.4.2. Methods 
XRD studies on both the juice side and the side attached to the tube wall of 
flakes from the bottom, middle and top sections of the tube were carried out using a 
PANalytical X’Pert MPD, Cuα (1.5418 Å) radiation. For bulk analysis, sample from 
each tube section was ground into a powder prior to analysis. To a portion of each 
powder, 10 wt% of corundum was added as an internal standard so that the proportion 
of the individual phases and amorphous content could be calculated. The x-ray 
patterns were indexed based on parameters obtained from the International Centre for 
Diffraction Data (ICDD) powder XRD card index. The data was analyzed using 
HighScore (v2.2, PANalytical, Netherlands) for quantitative analysis using a Rietveld 
based technique (12). The sum of the concentrations of the modelled phases is 
subtracted from 100 wt% to give a residue component. This residue is comprised of a 
non-diffracting component and unidentified phases. As a first approximation, these 
components have been grouped as the amorphous portion of the scale. 
The element composition of the bulk samples were analyzed using a Bruker-
AXS S4 Pioneer x-ray fluorescence spectrometer equipped with an AG Rh 22 
(Rhodium anode) tube. 
Scale flakes (on both the juice side and the side attached to the tube wall) were 
gold coated and scanning electron microscopy (SEM) images were obtained using a 
FEI Quanta 200 Environmental SEM at an accelearating voltage of 15 kv. 
Scale flakes were also carbon coated and examined by EDX using a JOEL JXA-840 
(20 kV, 1.0 nA, T3) and Analysis Program (v3.30, JOEL) for elemental composition 
of the surfaces. 
In another set of experiments, flakes were set in resins and polished cross 
sections were obtained which were then carbon coated and examined by EDX. For 
elemental mapping and spot analysis, typically five spots were analyzed by EDX in an 
area and the average composition of each element calculated. Mapping provides 
information on elemental associations that may be missed by spot analysis. EDX 
elemental mapping was conducted on a JOEL JXA-840 (20 kV, 3.0 nA, T2) with a  
5 µs dwell time at each pixel over a 256 × 192 pixel grid using Analysis Station 
(v3.30, JOEL). Typically, 30 scans were used to collect data. For each cross-section 
 75 
image, pixel brightness is proportional to electron density. For each elemental map, 
the pixel brightness is proportional to the concentration of that element. Intensities are 
not normalised so it is not appropriate to compare pixel brightness between images. 
 
3.2.5. Results 
3.2.5.1. Bulk Analysis 
The total amounts of the elements, as their oxides, and the loss on fusion 
(LOF) are given in Table 3.4. CaO and SiO2 are the major oxides. In addition SO3 is 
also a major component in the deposit from the bottom section of the tube. P2O5, 
MgO and Na2O are present in reasonable proportions. The loss on fusion (LOF) 
recorded for these samples are mainly associated with the volatilisation of organic 
matter, adsorbed water, polysaccharides and organic acids. As the portions of the LOF 
values are relatively high, it is probable that there is a reasonable amount of organic 
matter in each of the scale samples. 
The large portion of scale formed with calcium is due to endogenous calcium 
and calcium introduced through liming during the clarification process (1). The 
solubilities of silica/silicate as SiO2 are known to decrease with increasing sucrose 
concentration leading to the prevalence of these scale components in the fourth and 
fifth vessels (1, 2, 7).  
The proportion of P as P2O5 in the deposits is in line with previous results  
(1, 2). Its proportion is low in the last vessels because most of it precipitated as 
phosphates in the earlier vessels where the temperature of the evaporator station is 
highest (1). 
 
Table 3.4 – Composition (wt%) of deposits by XRF* 
% constituent Bottom Middle Top 
SiO2 21.2 25.8 25.8 
Al2O3 0.1 0.1 0.1 
Fe2O3 0.2 0.2 0.3 
MgO 0.1 0.7 0.9 
CaO 22.7 23.0 22.6 
Na2O 0.1 2.2 1.0 
K2O 0.2 0.6 0.7 
P2O5 0.9 2.1 2.7 
SO3 19.0 2.9 4.7 
LOF 35.7 42.8 41.8 
* 1 % error. 
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The XRD powder diffraction patterns for the samples are given in Figure 3.11, 
and the d-values of the strongest intensity lines are present in Table 3.5. The peak 
intensities are highest for the scale obtained from the bottom section. This is due to an 
increase in crystallinity of the crystalline phases and/or having a larger proportion of 
crystalline compounds. The XRD patterns reveal that CaSO4•2H2O (d-values 7.61 Å, 
4.28 Å, 2.09 Å) and CaC2O4•2H2O (d-values 6.18 Å, 4.42 Å, 2.24 Å) CaC2O4•H2O 
(d-values of 6.03 Å, 3.01 Å, 2.50 Å and 2.38 Å) and hydroxyapatite (3.48 Å, 2.81 Å, 
2.78 Å and 2.73 Å) are the major crystalline phases. There is a trace of α-quartz  
(3.34 Å) present in the scale sample from the bottom section. Amorphous material 
(including silica) is also present as a major component in these samples. This is 
evident in the XRD patterns of the innermost and outermost layers (Figure 3.12), 
where there is a broad peak or halo, hidden in Figure 3.11 by the large crystalline 
peaks, with a 2θ value of 23o (corresponding to a d-value of ~ 3.56 Å) (13). As the 
other elements are in very small amounts, and it is reasonable to assume that the 
calcium is overwhelmingly present as sparingly soluble salts, most of the SiO2 is 
present as amorphous silica. 
The proportions of the phases identified are shown in Table 3.6. The 
proportion of CaSO4•2H2O is highest in the bottom section of the tube where the 
temperature is a few degrees hotter than the middle or top sections (14). This is partly 
due to the fact that the solubility of calcium sulfate is inversely related to temperature. 
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Figure 3.11 – X-ray powder diffraction patterns of bulk samples obtained from 
the bottom, middle and top sections of the tube 
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Table 3.5 – X-ray powder diffraction data of fouled tube sections* 
Bottom Middle Top 
2θ(o) d-value (Å) 2θ (o) d-value (Å) 2θ (o) d-value (Å) 
11.62 7.61 11.62 7.61 11.62 7.61 
14.33 6.18 14.33 6.18 14.32 6.18 
  14.70 6.03 14.68 6.03 
20.07 4.42 20.10 4.42 20.10 4.42 
20.74 4.28 20.74 4.28 20.74 4.28 
23.36 3.81 23.36 3.81 23.35 3.81 
26.64 3.35     
29.10 3.07 29.09 3.07 29.10 3.07 
  29.67 3.01 29.64 3.01 
31.07 2.88 31.08 2.88 31.08 2.88 
  31.81 2.82 31.76 2.82 
32.20 2.78 32.19 2.78 32.22 2.78 
  32.76 2.73 32.82 2.73 
33.40 2.68 33.44 2.68   
35.93 2.50 35.95 2.50 35.90 2.50 
  37.75 2.38 37.76 2.38 
34.48 2.60     
43.64 2.07     
*The corundum peaks have not been included 
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Table 3.6 – Scale components (wt%) of bulk samples as determined by XRD* 
 Tube section 
Phase Bottom Middle Top 
Quartz, 
crystalline silica 
0.2 0.0 0.0 
Calcium oxalate 
dihydrate 
3.5 4.0 4.0 
Calcium oxalate 
monohydrate 
0.0 3.8 3.8 
Calcium sulfate 
dihydrate 
47.5 15.7 19.8 
Hydroxyapatite 2.1 4.9 6.3 
Amorphous 
silica 
21.2 25.8 25.8 
Amorphous 
(including 
organic matter) 
25.5 45.8 40.3 
* 1 % error 
 
The high organic matter content (especially in the sample from the middle 
section of the tube, may in part be due to adsorbed water not removed during the 
drying process of the samples. 
 
3.2.5.2. Surface Analysis 
XRD and EDX analyses were carried out on the surfaces of the outermost and 
innermost layers. Table 3.7 shows the EDX results. The major elements on the 
surfaces of the deposit are C, O, and Si, Ca. S is a major component on the tube 
bottom. A larger proportion of O, Na, S, P and Ca are associated with the tube wall 
relative to the juice side. The same is true for Si for the bottom and middle sections of 
the tube. As the elements Ca, P and S are associated with calcium phosphate and 
calcium sulfate (see Tables 1 and 2), it follows that these salts have a greater affinity 
to deposit on the tube wall than the juice side. The compounds associated with C 
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(such as organic matter and calcium oxalate) have a greater affinity to be attached to 
the juice side. 
 
Table 3.7 – EDX analysis of the scale surfaces (wt%)* 
Tube bottom Tube middle Tube top 
 Wall Juice side Wall Juice side Wall Juice side 
C 14.9 34.7 21.6 26.7 15.3 27.7 
O 53.5 45.4 46.0 29.4 54.6 49.0 
Na 0.1 0.1 0.6 0.4 0.6 0.3 
Mg 0.0 0.0 0.0 0.0 0.8 0.0 
Si 19.1 15.0 15.1 7.2 4.5 14.5 
P 0.7 0.7 2.3 0.4 3.6 0.2 
S 3.6 0.2 0.3 0.2 0.6 0.1 
K 0.0 0.2 1.3 0.3 0.7 0.4 
Ca 7.8 2.7 12.7 1.6 18.9 7.6 
Fe 0.3 1.1 0.1 0.4 0.4 0.4 
*4 % error 
 
Typical XRD patterns for the scale surfaces are shown in Figure 3.12 (and 
Appendix 1.3). The prominent halo in the 2θ region of 23o is characteristic of 
amorphous silica. The variation in the halo width is representative of the variation of 
the inter-atomic distances between the Si-O-Si structural units, an indication of 
differences in ordered arrangement of the silica molecules (13). The narrowness of the 
halos for the juice side samples therefore suggests a more ordered arrangement of the 
silica molecules on the outermost surface.  
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Figure 3.12 – X-ray diffraction patterns of the scale surfaces of the bottom 
section of the tube 
 
Table 3.8 – Major phases on the scale surfaces as determined by XRD and EDX 
 Tube wall Juice side 
Bottom Amorphous silica and calcium 
sulfate dihydrate 
Amorphous silica, calcium oxalate 
dihydrate and amorphous material 
Middle Amorphous silica, 
hydroxyapatite and calcium 
oxalate dihydrate 
Amorphous silica calcium oxalate 
dihydrate and amorphous material 
Top Hydroxyapatite, calcium 
oxalate dihydrate and 
amorphous silica 
Amorphous silica, calcium oxalate 
dihydrate and amorphous material 
 
Table 3.8 gives the major phases on the surfaces of the deposit. Amorphous silica and 
calcium oxalate dihydrate and calcium sulfate dihydrate are the major phases on both 
surfaces. Amorphous material (including organic matter) is present in significant 
amounts on the juice side, while calcium sulfate dihydrate is also present in 
reasonable quantities in the sample from the bottom section of the tube. It is notable 
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that hydroxyapatite is preferentially attached to the tube wall in the middle and top 
sections. 
SEM micrographs reveal that morphology of the innermost layer is different from the 
outermost layer (Figure 3.13). The micrograph from the outermost layer shows a 
porous structure with aggregates of small particles (1 µm - 2 µm) interconnected in a 
network arrangement. The innermost layer is more compact than the outermost layer, 
though it contains fine particles (< 1 µm) dispersed on its surface. It is expected that 
this layer would have a higher thermal resistance under flow-boiling conditions due to 
reduced occlusion of juice (15). 
 
 
Figure 3.13 – Scanning electron micrographs of tube wall (left) and juice side 
(right) 
 
3.2.5.3. Backscattering Analysis 
Surface and bulk analyses do not provide sufficient information on the 
structure of layered deposits. Insights into the internal structure of the deposits were 
obtained by obtaining SEM backscattering images and complementary EDX analysis 
of the cross sections (Appendix 1.3). 
There are three layers in the bottom section of the deposit in the tube. The first 
layer, in contact with the tube wall, is 40 ± 13 µm thick and is predominantly 
amorphous silica (Figure 3.14). The second layer is 90 ± 17 µm thick contains 
calcium sulfate dihydrate as the major phase, though a reasonable amount of 
amorphous silica is also present. The third layer, which is very porous, has a thickness 
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of 240 ± 26 µm and is mainly a mixture of silica and calcium sulfate dihydrate. 
Calcium oxalate mono- and di-hydrate are also present. 
The cross section of the middle section shows three layers (Figure 3.15). The 
first layer (75 ± 10 µm) attached to the tube wall has amorphous silica and calcium 
oxalate dihydrate as the major phases. The second layer of 220 ± 10 µm contains 
calcium sulfate dihydrate, amorphous silica and calcium oxalate dihydrate. The third 
layer of ~ 150 ± 15 µm contains similar proportions of components as the third layer. 
This layer is very porous as is the third layer from the bottom section. The dark areas 
in the micrograph are likely to be the regions where organic matter is concentrated. 
The top section also has also three layers (Figure 3.16). The first layer has a 
thickness of 70 ± 17 µm, the second layer 140 ± 30 µm, while the third layer has a 
thickness of 120 ± 22 µm. Amorphous silica, hydroxyapatite and calcium oxalate 
dihydrate are the major phases in each of these layers. However there is a reasonable 
amount of calcium sulfate dihydrate in the first layer attached to the tube wall. 
Organic matter is concentrated in the third layer. 
An overall picture of the phase distribution between the layers indicates that 
for the bottom and middle sections of the tube, a phase that is predominantly silica 
alternates with a phase containing a mixture of calcium sulfate dihydrate and 
amorphous silica. Amorphous silica is attached to the tube wall. 
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Figure 3.14 – Backscatter micrograph of the cross section of a scale flake from 
the bottom of the tube 
 
 
Figure 3.15 – Backscatter micrograph of the cross section of flake from the 
middle of the tube 
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Figure 3.16 – Backscatter micrograph of the cross section of flake from the top of 
the tube. The large crack in the second layer is an artifact of sample preparation 
 
 86 
3.2.5.4. Elemental Mapping 
Figure 3.17 shows maps of the key elements of the deposit located in the 
bottom section of the tube. A bright area of the map indicates a high concentration of 
the element, while a dark area of the map indicates a low concentration of the 
element. For the scale from the bottom section of the tube, Si is dominant in most 
areas of the map and is present as amorphous silica. It is predominant in the first layer 
that is in contact with the tube side. Ca, S and O are concentrated in the second layer, 
confirming the presence of calcium sulfate dihydrate. The particles of Ca dispersed in 
the third layer are likely to be associated with calcium oxalate dihydrate. Carbon is 
dominant in the third layer and is associated with organic matter. It is virtually absent 
at the bottom of second layer where calcium sulfate dihydrate is predominant, but is 
present in the first layer that is in contact with the tube wall. Phosphorus is in the 
second layer and since it is associated with Ca, it is present as a phosphate. Though 
not very obvious there appears to be an association between Si, Al, Mg and Fe. The 
association of these elements may suggest the presence of a silicate compound. 
Doherty et al. (4) suggested the presence of a clay mineral in scale of the form 
(X)(0.6)(M)2-3(SiAl)4O10•4H2O (where X = Mg, Fe, Ti and Mn, and M = Ca, Na, and 
K) through pre-heat treatment with glycol and examining the x-ray diffraction pattern. 
There is a presence of Fe in the second layer, most likely present as Fe2O3 (i.e., rust). 
The elemental maps of the middle section (Figure 3.18), as in the bottom 
section, are dominated by Si and Ca, though Ca is less prominent in the third layer. 
Carbon is situated primarily in the third layer, most likely as organic matter. As noted 
in the bottom section there is a strong association between Si, Mg, Fe, Al and O. 
Because these elements (apart from Si) are present in small amounts, the proportion of 
the silicate mineral is small. 
The elemental maps of the top section confirm the EDX data. Carbon and Si 
are the main elements associated with the stainless tube surface (Figure 3.19). 
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Figure 3.17 – Elemental maps of the cross section of a scale flake from the 
bottom of the tube 
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Figure 3.18 – Elemental maps of the cross section of a scale flake from the middle 
of the tube. Inset show areas of association of Si-Mg-Fe-Al-O 
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Figure 3.19 – Elemental maps of the cross section of a scale flake from the top of 
the tube. 
 
3.2.6. Discussion 
Calcium sulfate dihydrate, calcium oxalate, amorphous silica, hydroxyapatite 
and organic matter are the major phases in the deposit. The location of a high 
concentration of calcium sulfate dihydrate in the tube of the fifth vessel of a quintuple 
evaporator station is primarily due to high sugar loading. The sugar concentration is  
~ 65 % in the fifth vessel compared to 15 % in the first vessel. Gill found that in 55 % 
sugar solutions, calcium sulfate is four times less soluble than in 15 % sugar solution 
(16). A significantly higher proportion of calcium sulfate dihydrate, an inverse 
solubility salt, is present in the bottom layer compared to the other sections of the tube 
probably because of availability of sugar juice and the higher temperature in this 
section of the tube. It is noted that this section of the tube is completely immersed in 
sugar juice during processing. 
The proportion of silica in the later stages of the evaporation process is usually 
high, as evident from this study, because the solubility of silica decreases with 
increasing sucrose concentration and decreasing temperature (1, 7). The coagulation 
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of colloidal silica is also expected to be highest in this stage of the evaporation 
process, both as a result of increased calcium ion concentration reducing the electrical 
double layer repulsion between silica particles and solubility effects (17). 
Furthermore, Yu et al. have reported that the polymerization of silica in sugar 
solutions (with concentrations similar to the industrial process) is due to surface 
charge neutralisation of colloidal silica by calcium oxalate-sucrose complex (18). This 
suggests that the same is occurring in the fifth evaporator as calcium oxalate is also 
present. 
The identification of calcium oxalate (both mono- and dihydrate forms) in the 
fouled tube is expected (1). Previous work has shown that in supersaturated solution 
of calcium oxalate, the more soluble di- and trihydrate forms are precursors for the 
formation of the thermodynamically stable monohydrate (19, 20). The extent of this 
transformation has been found to be dependent on the presence of organic 
macromolecules which adsorb on specific sites at the solid-liquid interface (21-23). 
High Ca/oxalate ratio, high ionic strength and the presence of citrate ions have all 
been found to favour the formation of calcium oxalate dihydrate (21). These 
compositional features also occur in industrial sugar juice. Yu et al. found that the 
addition of sugar or silica in calcium oxalate systems selectively promoted the 
formation of calcium oxalate di- and trihydate, the extent of which is dependent on 
the concentrations of sugar and silica (23). A variety of mechanisms including 
electrostatic effects, geometric matching and stereochemical compatibility were 
proposed to account for the calcium oxalate phases and morphologies (23). It is likely 
that similar mechanisms occur in the fouling of stainless steel tubes in the fifth vessel 
of the evaporator station. 
The proportion of calcium oxalate increases along the height of the tube. 
Doherty and Wright’s model predicts that the solubility product of calcium oxalate in 
sugar systems will decrease with increase in temperature and sucrose concentration 
(24). It is probable, therefore in this situation that the effect of sucrose concentration 
overrides the temperature effect as the sucrose concentration at the top of the tube can 
be up to 9 units higher than at the bottom (14). 
Prior to the processing of sugar juice in the evaporators, lime is added to 
improve the clarification process. During this process, a wide range of chemical and 
physical reactions take place including the formation of the calcium phosphates (i.e., 
dicalcium phosphate, tricalcium phosphate, octacalcium phosphate, hydroxyapatite 
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and tetracalcium phosphate). A majority of these are removed in the clarifier. 
However, a small amount of residual phosphate is carried forward in the juice to the 
evaporators where subsequent reactions take place between calcium and the species 
HPO42- and H2PO4- to form hydroxyapatite (25). 
The deposit is made up of three layers. The bottom section has a thickness of  
~ 386 µm, the middle section a thickness of ~ 425 µm and the third layer a thickness 
of ~ 383 µm. The juice occupies ~ 40 % of the tube height, so there is greater contact 
between the surface and fluid in the bottom and middle sections of the tube. The 
lower section of the tube will have a higher wall temperature compared to the upper 
section resulting in increased scaling (26). These conditions probably account for the 
variation in scale thickness along the height of the tube. 
The innermost layer attached to the tube wall is made up predominantly of 
silica and hydroxyapatite neglecting organic matter, while the outermost layer is made 
up of silica and calcium oxalate dihydrate. The question is, why are amorphous silica 
particles preferentially attached to the stainless steel surface? This may be connected 
with the distribution of hydroxyapatite in the scale, which forms 2 % - 6 % of the 
scale and is also concentrated in the first layer. EDX surface analysis and elemental 
mapping of P indicate that some hydroxyapatite is also present on the tube wall 
(Figure 3.18 and Tables 3.7 and 3.8). Hydroxyapatite would be attracted to the hot 
tube wall because of the inverse solubility effect and the positively charged particles 
would readily be attracted to the negatively charged tube wall. The hydroxyapatite 
particles are positively charged because of excess calcium ions present in the juice 
(27, 28). The formation of these particles on the tube wall will then probably act as 
sites for the precipitation of the negatively charged silica particles (28). An alternative 
explanation is that the dissolved silica (i.e., silicic acid) exceeds the solubility limit for 
amorphous silica and precipitates earlier than other scale-forming components. The 
presence of polyvalent ions (e.g., calcium, iron, magnesium) which are present in 
juice will enhance the polymerization reaction of silica (29, 30). Amorphous silica can 
deposit in two different ways onto a surface depending on the level of supersaturation; 
direct deposition or particular deposition of colloidal silica (31, 32). The morphology 
of the innermost layer from the present study shows a dense structure suggesting the 
deposition of monomeric silica on that layer. The porous structure of the outermost 
layer may also suggest the deposition of colloidal silica (23). The formation of 
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colloidal silica on the outermost layer is due to the presence of calcium oxalate 
reducing the threshold silica supersaturation (23). 
One reason why the proposed mechanisms are tentative is because it is not 
known whether the amount of scale deposited was obtained through one processing 
cycle or whether there has been a chemical cleaning exercise during this period. 
Despite this it is certain that the variation in sugar juice composition would contribute 
to the composition of the layers. Based on the elemental analysis and the XRD data it 
is proposed that the fouling process starts off with crystallization fouling of 
hydroxyapatite followed by particular deposition of monomeric silica and finally by 
mix fouling of colloidal silica, calcium sulfate dihydrate and calcium oxalate. 
Calcium sulfate dihydrate and calcium oxalate fouling would occur by crystallization 
fouling. 
The sugar factory where the fouled tube was obtained typically uses a mixture 
of concentrated sodium hydroxide (15 %) and ethylene diamine tetraacetic acid 
(EDTA) (1 % - 2 %) for chemical cleaning of the vessel.  While the sodium hydroxide 
will attack and dislodge amorphous silica, it is expected that EDTA would find it 
difficult to remove calcium sulfate dihydrate in the bottom layer because of the very 
high proportion of the calcium salt. A far higher concentration of the EDTA would be 
required to solubilise and remove it. The P elemental map of Figure 3.16 shows that a 
proportion of the hydroxyapatite component is associated with calcium sulfate 
dihydrate. EDTA will not dissolve or dislodge calcium sulfate dihydrate that is 
covered by a layer of hydroxyapatite even at a high concentration. As such, a cleaning 
formulation would have to be developed to effectively remove a scale matrix of such 
a composition. 
 
3.2.7. Conclusion 
The composition of a fouled stainless steel tube has been determined. The use 
of various x-ray diffraction and scanning electron microscopy techniques has revealed 
the internal structure of sugar factory deposits that otherwise would not have been 
realised. The proportions of the main components varied along the height of the tube 
and between the layers. The innermost layer attached to the tube wall contains 
amorphous silica and hydroxyapatite and organic matter as the major component, 
while the surface of the outermost layer consists of a mixture of amorphous silica, 
calcium oxalate dihydrate and organic matter. Tentative mechanisms of the deposition 
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process have been proposed and are consistent with a cycle of deposition where 
crystallization and precipitation fouling are occurring. Further laboratory studies on a 
single tube heat exchanger with authentic sugar juice will be used to unravel the 
mechanisms of scale formation in evaporators. 
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4. Mechanisms of Scale Deposition 
4.1. Scale Formation in Sugar Juice Heat Exchangers 
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4.1.1. Abstract 
Fouling of heat exchangers is a complicated process that results in the 
formation of heterogeneous deposits. Bulk and surface analysis, and analysis of cross 
sections of scale deposits obtained from fouled stainless steel tubes of sugar juice heat 
exchangers have been carried out by X-ray powder diffraction and scanning electron 
techniques (including energy dispersive spectroscopy and backscattering electron 
imaging). To complement this, the composition of juice was also determined. The 
probable mechanisms of formation of calcium oxalate monohydrate and dihydrate 
(COM and COD), hydroxyapatite (HAP), calcium sulfate dihydrate (CSD) and 
amorphous silica in sugarcane juice heat exchanger tubes have been discussed. In 
addition, the mechanisms that led to the variation in the composition of the deposit 
across the height of the tube, differences between the composition of the scale on the 
tube wall and the juice side, and crystal size distribution from the bottom to the top of 
the tube have been discussed. 
 
Keywords: Fouling; Fouling Mechanisms; Scale Compositional Profile; Heat 
exchanger; Heat transfer; Sugar mill evaporator scale 
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5. Solution Chemistry of Calcium Oxalate and Silica 
5.1. Aspects of the Kinetics and Solubility of Silica and Calcium 
Oxalate Composites in Sugar Solutions 
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5.1.1. Abstract 
Fouling of industrial surfaces by silica and calcium oxalate can be detrimental 
to a number of process streams. Solution chemistry plays a large role in the rate and 
type of scale formed on industrial surfaces. This study is on the kinetics and 
thermodynamics of SiO2 and calcium oxalate composite formation in solutions 
containing Mg2+ ions, trans-aconitic acid and sucrose, to mimic factory sugar cane 
juices. The induction time (ti) of silicic acid polymerization is found to be dependent 
on the sucrose concentration and SiO2 supersaturation ratio (SS). Generalized kinetic 
and solubility models are developed for SiO2 and calcium oxalate in binary systems 
using response surface methodology. The role of sucrose, Mg, trans-aconitic acid, a 
mixture of Mg and trans-aconitic acid, SiO2 SS ratio and Ca in the formation of 
composites is explained using the solution properties of these species including their 
ability to form complexes. 
 
Keywords: Calcium oxalate; Silica; Composite fouling; Kinetics; Scale; 
Crystallization; Polymerization 
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5.1.3. Introduction 
Fouling of plant equipment by inorganic and organic foulants poses significant 
problems for most industrial processes (1). Inorganic foulants are generally made up 
of sparingly soluble salts, such as calcium salts and magnesium salts, corrosion 
products, such as rust, silica and silicates (1). Organic foulants can derive from a 
number of sources like plant material (e.g., degraded carbohydrates), microorganisms, 
organic acids, proteins and pitch. The amount of inorganic and organic scale formed 
is dependent on the chemical characteristics of the process stream (2, 3). Most natural 
waters are undersaturated with respect to amorphous SiO2 and silicates but utilization 
of natural waters in industry leads to deposition of silica and silicates (4). Production 
of pure water from natural waters (seawater, brackish water, lakes, rivers and wells) 
via reverse osmosis (RO) can lead to catastrophic fouling events (5) that require the 
use of hazardous chemicals or labour intensive mechanical cleaning techniques to 
remove (4). 
Calcium oxalate fouling is significant to a number of industries (6-11) and in 
the formation of kidney stones (12-21). In the sugar cane industry the formation of an 
intractable calcium oxalate and SiO2 composite scale in the juice evaporators causes 
factories to shutdown every 2 weeks for scale removal to restore heat transfer and 
efficiency. There have been many studies on the characterization (2, 3, 8, 22-24) and 
removal (25) of the deposits formed in sugar factory evaporators and the 
compositional scale profile within a tube is becoming well understood (2, 3). To 
understand how the intractable scale is formed there have been a number of studies on 
the way pH, temperature, calcium oxalate, SiO2 and sucrose concentrations affect the 
thermodynamics and the kinetics of the co-precipitation of calcium oxalate and 
amorphous SiO2. Yu et al. (26) found that, in a water solution containing calcium 
oxalate and SiO2, the apparent rate constant (k) and the apparent order of reaction (n) 
for calcium oxalate monohydrate (COM, CaC2O4•H2O) precipitation increased with 
increasing SiO2 concentration. A similar trend was also seen with respect to COM 
solubility. Yu et al. (26) also found that k for silicic acid polymerization increased 
with increasing COM concentration and that the presence of COM reduced the 
supersaturation (SS) threshold for the formation of colloidal SiO2 but had little effect 
on the overall solubility of SiO2. 
In a follow-up study, Yu et al. (27) examined the effect of sucrose 
concentration ([Suc]) on COM and SiO2 precipitation, and on the co-precipitation of 
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both species. It was found that increasing [Suc] increased k but decreased n for both 
SiO2 and COM. Increasing the sucrose content also reduced the solubility of both 
COM and SiO2. In the binary systems, it was found that COM precipitation was 
accelerated by the presence of SiO2. The apparent order of reaction (n) was found to 
decrease (from a value of 3.0 to 2.2) with increasing [SiO2], a trend similar to that 
obtained in the non-sucrose systems. Solubility changes of COM by SiO2 were found 
to vary depending on the initial COM concentration. There were small changes in n 
and k for silicic acid polymerization caused by different COM concentrations at  
25 wt/v% sucrose. However, with 40 wt/v% sucrose solutions, Yu et al. (27) found 
that n and k for silicic acid polymerization were increased by low concentrations of 
COM (50 mg.L-1) but at higher COM concentrations the n and k decreased. At 150 
mg.L-1 COM, silicic acid polymerization was significantly slower. It was also 
reported that the presence of COM reduced the SS threshold for the formation of 
colloidal SiO2 but had little effect on the overall solubility of SiO2 in the 25 wt/v% 
sucrose tests, similar to previous tests conducted in water by the same authors. Yu et 
al. (27) suggested a number of mechanisms to explain the results, including the 
formation of COM and sucrose complexes, which could act as nucleation sites for 
silicic acid polymerization. 
In a later study on the thermodynamics of calcium oxalate precipitation 
Doherty (28) found that the apparent solubility product (Ksa) of calcium oxalate 
decreased with increasing temperature and [Suc] but increased with increasing pH. 
Doherty also showed that small changes in pH had a larger affect on the Ksa than 
small changes in temperature and [Suc]. In the same study, Doherty reported that the 
equilibrium oxalate ion concentration ([C2O42-]) increased with increasing 
temperature, pH and [Mg2+] but decreased with [Ca2+]. 
In all these studies reporting on the co-precipitation of calcium oxalate and 
SiO2, the effects of trans-aconitic acid (tAC, which constitutes two thirds of the total 
amount of organic acids in sugarcane juice) and Mg2+ (which is the second most 
important divalent cation in sugar juice) ions were not examined. This paper extends 
the work of Yu et al. (26, 27) and Doherty (28) by investigating the effects of these 
juice constituents on the kinetics of SiO2 deposition and the solubility of calcium 
oxalate and silica in synthetic sugar solutions. The aim of the work is to better 
describe the co-precipitation process in a more complex sugar solution using response 
surface methodology. 
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5.1.4. Experimental 
5.1.4.1. Materials 
Concentrated stock solutions of CaCl2•2H2O (Chem Supply, Gillman, 
Australia), Na2C2O4 (Sigma-Aldrich, Sydney, Australia), Na2SiO3 (Sigma-Aldrich, 
Sydney, Australia), MgCl2•6H2O (Merck, Kilsyth, Australia), HCl and NaOH were 
prepared from analytical regant grade chemicals (Merck, Kilsyth, Australia) dissolved 
in CO2-free distilled water. trans-Aconitic acid, tAC (Sigma-Aldrich, Sydney, 
Australia) and sucrose (Merck, Kilsyth, Australia) used in this study was analytical 
grade and the sucrose did not contain any measurable amounts of oxalic acid or other 
organic acids. 
 
5.1.4.2. Test Scheme 
A two level full factorial test scheme (32 tests) was designed to investigate the 
effect of changes in concentration of five components (Table 5.1) on the formation of 
calcium oxalate and SiO2. Two levels of SiO2 SS (i.e., reactive silica expressed as 
SiO2) were used due to the significant reduction in solubility of SiO2 caused by the 
high concentrations of sucrose (29). This is intended to keep the “driving force” for 
silicic acid polymerization constant over the test series so the effects of other 
components can be seen. The [SiO2], [C2O42-] and [tAC] are close to those entering 
the 3rd and 4th effects of an Australian sugar factory with a quintuple evaporator set 
(30). The calcium concentrations were selected to give a molar ratio of 1:1 and 5:1 
[Ca2+] to [C2O42-]. The magnesium ion concentration selected was the minimum level 
found in syrups in Australian sugar factories. Preliminary work indicated that higher 
Mg2+ ion concentrations will significantly impact on the co-precipitation process of 
the designed systems. 
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Table 5.1 – Test scheme for the composition of synthetic juices 
Component Concentrations 
Sucrose ([Suc]) 25 and 40 wt/v% 
Silica ([SiO2]) [Suc] = 25 wt/v%: 320 and 400 mg·L-1 (SS = 1.8 and 2.3) 
[Suc] = 40 wt/v%: 250 and 320 mg·L-1 (SS = 1.8 and 2.3) 
Calcium ([Ca2+]) 41 and 200 mg·L-1 
Magnesium ([Mg2+]) 0 and 84 mg·L-1 
trans-Aconitic acid ([tAC]) 0 and 1300 mg·L-1 
Oxalate ([C2O42-]) 90 mg·L-1 
 
5.1.4.3. Methodology 
Sucrose, Ca2+ and Mg2+ ions, and tAC were combined in CO2-free water  
(~ 350 mL) at 60 °C and the pH was adjusted to 6.0 using a portable pH meter (Hach 
H160, Loveland, Co, USA) with a combination glass – Ag/AgCl reference electrode 
(Model 93×218814, Eutech Instruments, Singapore), which was calibrated before 
each test using Isolab pH 4.01 ± 0.02 at 25 ºC and 7.00 ± 0.02 at 25 ºC buffer 
solutions. The method for measuring pH of a high concentration sugar solution 
involves the dilution of the solution to 10 % sucrose. The pH does not vary much in 
spite of the dilution effect. Sodium oxalate (90 mg·L-1 C2O42- in the final solution) and 
SiO2 solutions (at 60 °C) were placed in separate beakers, their pHs were adjusted to 
6.0 and added at the same time to the sucrose solution containing the other 
compounds. The solution was quickly made up to 500 mL and transferred to capped 
15 mL plastic tubes. The tubes were then placed in a water bath at 60 °C. Samples 
were taken after 20, 40 and 60 min, followed by one sample every hour (h), and 
analyzed. Tests were stopped after 24 h because of the hydrolysis of sucrose. It was 
found in a separate experiment that 40 wt/v% sucrose solution degraded by 2 %, 16 % 
and 34 % after 10 h, 24 h and 120 h respectively in solutions containing Ca, C2O42-, 
SiO2 and tAC. 
Samples were analyzed for reactive SiO2, calcium and oxalate ion 
concentrations as described by Yu et al. (26, 27) Reactive silica was analyzed with a 
Cintra 40 double-beam UV-Visible spectrometer (GBC Scientific Equipment Pty. 
Ltd., Braeside, VIC, Australia) using the silica-molybdate complex colorimetric 
method (31). It must be mentioned that this method measures soluble SiO2 including 
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silicic and disilicic acids and that measurements are given in concentrations of SiO2 as 
reactive silica in this study. The samples were filtered through 0.2 µm membrane 
filters and [Ca2+] and  [C2O42-] were determined from the filtrate. Oxalate ion 
concentration was determined by UV-Vis using a colorimetric method (32). However, 
it could not be accurately determined because of significant interferences when tAC 
and Mg2+ ions were present, and so the data obtained was not used in this work. Ca2+ 
ion concentrations were determined using inductively coupled plasma – optical 
emission spectroscopy (ICP-OES Vista MPX, Varian Inc., Mulgrave, VIC, Australia). 
 
5.1.4.4. Analysis of Calcium Oxalate Crystals 
After 24 h, samples were centrifuged and washed with Millipore water, then 
with ethanol (96 %, Merck, Kilsyth, Australia) and oven dried at 40 ºC. X-ray powder 
diffraction (XRD) was conducted using PANalytical X’Pert MPD XRD equipment 
emitting Cu Kα (1.5418 Å) radiation. The x-ray patterns were indexed on the basis of 
parameters obtained from the International Centre for Diffraction Data powder XRD 
card index.  
Samples for energy dispersive spectroscopy (EDX) analysis were dispersed on 
an aluminum stub in ethanol and air dried. They were examined uncoated, under low 
vacuum, in an FEI Quanta 3D SEM with a 15 kV beam energy. EDX spectra were 
collected with an EDAX 30 mm2 SiLi detector, and EDAX Genesis software (v5.11).  
 
5.1.4.5. Statistical Analysis  
The rate equation generally used to describe the kinetics of polymerization 
reaction is given by (26): 
 
! 
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Ct "Ce
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 (5.1) 
 
where k is the apparent rate of reaction (mol·L-1·h-1), n is the apparent order of 
reaction, Ct is the concentration at time t and Ce is the equilibrium concentration 
determined experimentally. n and k for silicic acid polymerization were determined 
using an iterative least squares curve fit method of the ODE 45 function with 
MATLAB (The MathWorks, v 7.10.0.499). It was not possible to accurately 
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determine the apparent order and apparent rate of reaction for calcium oxalate, using a 
similar equation to Equation 5.1, because the rate of reaction was very fast. 
Response surfaces were then fitted to n, k and solubility values (using 
MiniTab v16.0) to generate equations that describe the relationship the juice 
constituents have on n, k and on the solubilities of SiO2 and calcium oxalate. Analysis 
of variance (ANOVA) was used for model adequacy and significance of the 
experimental data. The quality of the fitted model was expressed by the regression 
coefficient, R2, and its statistical significance was checked by the Fisher’s F-test. 
Model terms were determined based on the significance of each term at a confidence 
level of 95 %. This was evaluated by examining its respective P value (probability), 
where the smaller the P value, the more significant its corresponding coefficient and 
the interaction effect with the response. The models were developed using an iterative 
method where insignificant terms (P > 0.05) were dropped and the model was refitted 
to give a better fit and more accurate coefficients. The ANOVA results for the 
quadratic model results for n and k for silicic acid polymerization, solubility of SiO2 
after 24 h ([SiO2]24) and apparent solubility of calcium oxalate based on calcium ion 
equilibrium concentration ([Ca2+]eq) can be found in Appendix 2; Tables A2.1 – A2.4. 
 
5.1.5. Results and Discussion 
5.1.5.1. Calcium Oxalate Hydrates 
Calcium oxalate exists in three phases: COM (CaC2O4·H2O), calcium oxalate 
dihydrate, (COD; CaC2O4·2H2O), and COT (CaC2O4·3H2O). Of these three calcium 
oxalate phases, COM is the most stable and is the least soluble, and is 
thermodynamically more stable at temperatures > 60 °C (15, 33). The phase or phases 
formed in binary systems containing calcium oxalate and SiO2 in the present study 
have been determined in order to provide information that will assist in the 
interpretation of the kinetics and solubility data. 
The phases formed in the binary systems containing 90 mg·L-1 C2O42- at pH 6 
and at 60 °C were measured by XRD. The type of phase(s) formed was dependent on 
the composition of the binary systems. For the systems containing 25 wt/v% sucrose, 
40 mg·L-1 or 200 mg·L-1 Ca2+ ions, 1.8 or 2.3 SiO2 SS, and with or without Mg2+ ions 
and tAC, COM is the only calcium oxalate hydrate formed. However, as shown in 
Table 5.2 (Figures 5.1 and 5.2), for some systems containing 40 wt/v% sucrose and 
200 mg·L-1 Ca2+ ions, mixtures of COM and COD are formed. 
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Figure 5.1 – XRD patterns of calcium oxalate crystals formed in solutions with 
200 mg·L-1 Ca2+, 40 w/v% sucrose, SiO2 SS = 1.8, at pH = 6 and T = 60 ºC 
 
 
Figure 5.2 – XRD patterns of calcium oxalate crystals formed in solutions with 
200 mg·L-1 Ca2+, 40 w/v% sucrose, SiO2 SS = 2.3, at pH = 6 and T = 60 ºC 
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Table 5.2 – Effect of magnesium and trans-aconitic acid on calcium oxalate phase 
composition ([sucrose] = 40 wt/v%; [Ca2+] = 200 mg·L-1; pH = 6; Temp. = 60 °C) 
Calcium oxalate phase Component 
SiO2 SS, 1.8 SiO2 SS, 2.3 
Control 
(only oxalate ion) 
COM COM and COD 
[Mg2+] COM and COD with COD 
dominant 
COM and COD with COD 
dominant 
[tAC] COM COM 
[Mg2+] + [tAC] COM and COD with COM 
dominant 
COM and COD with COM 
dominant 
 
From these results and the results of East et al. (34), that [Suc] is the most 
important parameter that controls whether COM or COD is formed but is not enough 
in itself. Other species are generally required for the formation of COD, for example, 
tri-carboxylic acids (34, 35). This observation confirms those of East et al. (34) who 
found that the presence of high sucrose concentration in the reaction medium favored 
the formation of COD over COM. This could also be as a result of interactions 
between sucrose molecules and calcium oxalate (27) and/or an increase in water 
activity in the aqueous sucrose medium. The results also show that high sucrose 
concentration, high initial [Ca2+]:[C2O42-] ratio, and high SiO2 SS ratio led to the 
formation of a mixture of COM and COD (Table 5.2). Also, the results show that 
Mg2+ ions encourage the formation of COD and, in contrast to previous work (34), 
tAC did not seem to inhibit COM formation as it usually does. It should be noted that 
in the previous study K+ ions were present, there was no SiO2 and the ratio of initial 
[Ca2+]:[C2O42-] was 1:1. This may have affected the role of tAC in these systems. The 
observations from the present study may be explained on the basis of initial [Ca2+] to 
[C2O42-] ratio ([Ca2+]:[C2O4]). It is known that high [Ca2+]:[C2O42-] ratio promotes the 
formation of COD (35). Doherty et al. (35) postulated that because the calcium 
coordinating polyhedron of the dihydrate has six of the eight oxygen atoms belonging 
to four oxalic groups, one less oxalic group than the monohydrate (36), with high 
initial [Ca2+]:[C2O42-] ratio competition for the C2O42- ions would favor the formation 
of the dihydrate structure. It is therefore probable for all these systems where COD is 
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formed, the nature of the environment prior to the addition of oxalic acid has regions 
of high [Ca2+]:[C2O42-] ratios. The formation of calcium or oxalate complexes and 
their proportions will dictate the nature of the environment and whether COM or 
COD will form. 
 
5.1.5.2. Silica Kinetics 
The solubility of SiO2 is related to temperature, so it was necessary to work at 
a temperature of 60 °C, close to the temperature encountered in the last vessel of a 
quintuple evaporator set of a sugar factory, where the proportion of SiO2 in the scale 
is the highest. Table 5.3 shows the induction times, ti (i.e., a period when the 
concentration of the supersaturated SiO2 solutions remained temporarily constant) 
obtained for silicic acid polymerization for the listed systems. No ti was recorded for 
the other systems because polymerization commenced once SiO2 was added to the 
reaction mixture. 
An increase in the sucrose content from 25 wt/v% to 40 wt/v% at SiO2 SS of 
1.8 significantly increased ti (i.e., with values > 24 h). Yu et al. (27) also found that 
for binary systems containing 40 wt/v% sucrose solution have longer ti than those 
with lower sucrose content. The stabilization of the colloidal SiO2 particles may have 
been caused by a number of factors (27). The initial [SiO2] for the binary systems 
containing 40 wt/v% sucrose is 250 mg·L-1 compared to a value of 320 mg·L-1 for the 
system containing 25 wt/v% sucrose at the same SS (i.e., 1.8). The lower initial [SiO2] 
and the increased solution viscosity may have both contributed to SiO2 stabilization. 
Increased viscosity will restrict the movement of the colloidal particles. 
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Table 5.3 – Summary of induction times (ti)* for silicic acid polymerizations at 
SiO2 SS ratio, 1.8; pH = 6.0; Temp = 60 °C; C2O42- = 90 mg.L-1 
Initial [Ca2+]  
(mg·L-1) 
[Suc] 
(wt/v%) 
Initial [Mg2+] 
(mg·L-1) 
[tAC] (mg·L-1) ti (h) 
40 25 0 0 1 
40 40 0 0 NDP** 
40 40 84 0 2 
40 40 0 1300 NDP** 
40 40 84 1300 5 
200 40 0 0 NDP** 
200 40 84 0 6 
200 40 0 1300 7 
200 40 84 1300 3 
*induction times of 0 are not listed. Error in measurement ± 0.5 h 
**No detectable polymerization (NDP) after 24 h 
 
The presence of Mg2+ ions at 84 mg·L-1 significantly reduced ti. Magnesium is 
known to form a stable complex, [Mg(C2O4)2]2- with oxalate ions in aqueous systems 
(37). Graddon (37) is of the view that strong hydrogen bonds between magnesium, 
water of hydration and the oxalate ions lead to the formation of an octahedral 
complex, [Mg(OH2)2(C2O4)2]2-. It is plausible, therefore, that this complex may link 
up with individual colloidal SiO2 particles through hydrogen bonding resulting in 
particle destabilization and reduced ti. However, as shown Table 5.2 (row 2), as this 
binary system forms a mixture of COM and COD, other factors are also at play. 
The role Ca plays is not obvious as it is not known whether longer ti obtained 
in Table 5.3 row 7 compared to that of row 3 may be due to increased Ca level or 
because of a different Ca;Mg ratio. Sheikholeslami and Tan (38) found that for a 
given hardness, decreasing the ratio of [Ca2+] to [Mg2+] increased silicic acid 
polymerization. Demadis et al. (11) found that at a pH ≥ 9 Mg2+ ions catalyzed silicic 
acid polymerization. However, at a pH of 8 there was no catalytic effect of Mg2+ ions. 
The presence of tAC (Table 5.3, rows 8 and 9) on ti is significant when the 
initial Ca2+ ions concentration is high. Aconitic acid, a carboxylic acid, is known to 
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form complexes with Ca and Mg (39). It is not known whether these complexes 
influence ti, in a similar fashion as Mg2+ complexes. 
Figures 5.3 and 5.4 show the effect of Mg tAC and a mixture of Mg and tAC 
on the apparent rate of silicic acid polymerization for the binary systems containing 
[sucrose] of 40 wt/v%, initial [Ca2+] of 200 mg·L-1, initial [C2O42-] of 90 mg·L-1 and at 
initial SiO2 SS = 1.8 and 2.3 respectively. The corresponding systems with lower 
[sucrose] (25 wt/v%) and initial [Ca2+] (40 mg·L-1), the apparent rate of silicic acid 
polymerization was significantly reduced. For these systems, COM is the only phase 
that is formed.  
The presence of Mg and to a lesser extent tAC, at least for the systems in 
which SiO2 SS is 1.8, enhanced the apparent rate of silicic acid polymerization 
compared to the control (Figure 5.3). It is worth noting that, as shown in Table 5.2, a 
mixture of COM and COD is formed in the binary systems containing Mg or a 
combination of Mg and tAC. It is suggested that for these systems Mg2+ ions are 
catalyzing silicic acid polymerization as there was no Mg detected in the EDX spectra 
of the co-precipitates from this study (Figure 5.5). However, as shown in Figure 5.4 
(and for a majority of the other binary systems) there was no observable effect of 
Mg2+ ions catalyzing the reaction. 
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Figure 5.3 – Kinetics of silicic acid polymerization in calcium oxalate and SiO2 
systems containing 40 wt/v% sucrose solutions at pH 6.0 and 60 °C at SiO2  
SS = 1.8 and initial [Ca2+] = 200 mg.L-1 
 
Figure 5.4 – Kinetics of silicic acid polymerization in calcium oxalate and SiO2 
systems containing 40 wt/v% sucrose solutions at pH 6.0 and 60 °C at SiO2  
SS = 2.3 and initial [Ca2+] = 200 mg.L-1 
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Figure 5.5 – EDX spectra of a calcium oxalate and silica co-precipitate formed in 
the presence of SiO2 and Mg2+ ions 
 
Table 5.4 shows n and k values for silicic acid polymerization determined by 
an iterative least squares fitting method. The results show the effect SiO2 SS, sucrose, 
Mg2+ and tAC on n and k values. In some cases within a particular system there is a 
large difference between values. This is not surprising because of differences in 
solution composition. However, as a generalization, for the systems containing SiO2 
SS of 1.8, n lies between 1 and 2; while for the systems containing SiO2 SS of 2.3, n 
lies between 2 and 3. This implies that at the lower SiO2 SS ratio, the bulk diffusion 
process (i.e., n = 1) and surface-controlled (n = 2) mechanisms occur. Surface-
controlled and poly-nuclear mechanisms predominate at the higher SiO2 SS ratio. 
Silicic acid polymerization rates are higher at the higher SS probably because of the 
increased initial SiO2 concentration. 
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Table 5.4 – Silicic acid polymerization kinetics data in binary calcium oxalate 
and SiO2 systems containing 90 mg·L-1 oxalate ions at pH, 6.0; Temp. 60 °C* 
 SiO2, SS = 1.8 SiO2, SS = 2.3 
System n k (mol·L-1·h-1) 
× 104  
n k (mol·L-1·h-1) 
× 104 
[Suc] = 25 wt/v% 0.85-1.98 2.00-5.76 2.05-2.66 11.00-22.00 
[Suc] = 40 wt/v% 1.10-1.34 1.25-1.40 1.86-2.54 5.90-17.10 
[Mg2+] = 84 mg·L-1 0.93-1.47 1.24-5.76 2.05-2.66 8.29-22.00 
[tAC] = 1300 mg·L-1 0.84-1.98 1.24-5.76 1.86-2.66 5.90-22.00 
*Error to determine n and k is ± 15 %  
 
As a consequence of the variation in n and k values for silicic acid 
polymerization, it was necessary to determine the significant interactions between the 
juice components and to develop a model that describes the overall kinetics of silicic 
acid polymerization. The computer software MiniTab (v16.0) was used for this 
purpose and ANOVA was used to test the accuracy of the models. Equations 5.2 and 
5.3 are the models generated for apparent n and apparent k for silicic acid 
polymerization, showing the relationship between them and the initial solution 
concentrations of the different components. For n, [Suc], [SiO2] and [Mg2+] are the 
most significant factors. For k [Suc], [SiO2] and [Ca2+][tAC] are the significant 
factors. The models contain a number of insignificant terms (P > 0.05) that were 
included as ‘over fits’ in order to produce the best fit of all the data. 
 
n =  – 13.2 + 65.7 × 10-3[Suc] + 56.4 × 10-3[SiO2] + 36.7 × 10-3[Mg2+] 
 – 53.0 × 10-6[SiO2]2 – 99.9 × 10-6[SiO2][Mg2+]  (5.2) 
 
k =  – 6.01 × 10-3 – 5.28 × 10-6[Ca2+] + 41.1 × 10-6[Suc] + 17.2 × 10-6[SiO2] 
  – 0.166 × 10-6[tAC] + 0.148 × 10-6[Ca2+][Suc] + 1.87 × 10-9[Ca2+][tAC] 
 (5.3) 
 
The conclusions that can be drawn from the models agree well with those of 
other workers (27), which is that, as the sucrose and silica contents increase so do 
both n and k. The linear term for tAC in Equation 5.3 suggests that tAC has an 
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inhibitory effect on the apparent rate of silicic acid polymerization much the same as 
oxalate and citrate ions (40). Changes in the k due to changes in [tAC] are linked with 
the total Ca concentration in solution. Within the concentrations tested, increasing 
[tAC] decreases k at low concentrations of Ca but increases it at high concentrations 
of Ca. Increasing the Ca concentration in solution above the stoichiometric amount 
required for calcium oxalate formation, will result in an excess of unreacted Ca that 
will remain complexed to tAC thereby reducing the amount of tAC that would 
interact with reactive SiO2.  
The effect that Ca has on k is dependent on [tAC] and [Suc]. At low [Suc] and 
[tAC] increasing the concentration of Ca decreases k, while at high [Suc] and [tAC], k 
increases. This suggests that there is an inhibitory effect by Ca on k which is canceled 
out by high [Suc] and [tAC] contents, most likely through complexation of Ca2+ ions 
with both of them (27). 
Increasing the initial [SiO2] or [Suc] increases both k and n because of 
solubility effects (27). 
Increasing the concentration of Mg increases n. However, the model suggests 
that initial [Mg2+] has no effect on k (Table 5.4). The model does however, suggest 
that there is a direct interaction between SiO2 and Mg2+ ions, perhaps supporting the 
hypothesis of interactions between a Mg-oxalate complex (Mg(C2O4)22-) and SiO2. To 
investigate this, oxalate solutions were made at the same concentrations and pH as 
used in this study and analyzed via UV-Vis spectroscopy (Figure 5.6). Figure 5.6 
shows that there is a band at approximately 260 nm for the tests containing both 
oxalate and Mg2+ ions. This shows that there is bonding between the oxalate ions and 
the Mg2+ ions in these solutions (37) and therefore the formation of a Mg-oxalate 
complex. When SiO2 is added the band becomes less defined, indicating that SiO2 is 
interacting with Mg2+ ions and preventing them from complexing with oxalate ions. 
This sort of interaction could lead to an increase in n. The test with only SiO2 and 
oxalate in the solution shows very little difference to the test containing only oxalate 
ions suggesting that there is no bonding between SiO2 and oxalate. 
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Figure 5.6 – UV-Vis spectra of different oxalate solutions 
 
Figure 5.7 shows the modeled vs the measured n and k values for silicic acid 
polymerization. Both models show a linear relationship with a gradient near unity 
running through the origin. This shows that the models explain most of the variation 
in the data. However, both models have trouble predicting data points with smaller 
values. Negative modeled rates and outlying orders of reaction need more testing, but 
overall the models are reasonable fits for the data. 
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Figure 5.7 – Modeled vs measured n and k of silicic acid polymerizations 
 
5.1.5.3. Silica Solubility 
Equation 5.4 shows the relationship generated by the response surface 
methodology between the solubility of SiO2 after 24 h of polymerization ([SiO2]24) 
and the initial solution concentrations of the different components. 
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[SiO2]24 = 1090 – 72.3 × 10-3[Ca2+] – 4.08[Suc] – 3.93[SiO2] – 1.19[Mg2+] 
+ 4.70 × 10-3[SiO2]2 + 3.22 × 10-3[SiO2][Mg2+] (5.4) 
 
Increasing any of the components (except tAC) will decrease SiO2 solubility at 
24 h. Increasing the sucrose concentration decreased the solubility of SiO2 by ~ 25 %. 
Increasing initial [Ca2+] from 41 to 200 mg·L-1 had little effect on SiO2 solubility as 
there was a decrease of only ~ 5 % in solubility (it also increases calcium oxalate 
precipitation). However, Yu et al. (26, 27) reported that the presence of calcium 
oxalate lowered the initial SiO2 SS levels for the formation of colloidal SiO2 but had 
little effect on SiO2 solubility. Increasing the initial [Mg2+] decreases SiO2 solubility 
by ~ 7 – 10 %. 
The model (Equation 5.4) shows that tAC does not affect the solubility of 
SiO2. Figure 5.8 shows the modeled vs measured SiO2 solubility (after 24 h) data sets. 
The data sets show good agreement, which indicates that the model is a good fit for 
estimating SiO2 solubility. 
 
 
Figure 5.8 – Modeled vs measured SiO2 solubility after 24 h 
 
5.1.5.4. Calcium Oxalate Kinetics 
The rate of calcium oxalate crystallization was very fast and so it was not 
possible to obtain n and k values using the methods described in this work. Figure 5.9 
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shows the kinetic data for systems that clearly show the influence of Mg and tAC on 
the rate of calcium oxalate crystallization. It can be seen from the both Mg and tAC 
have an inhibitory effect on the crystallization process by increasing the solubility of 
calcium oxalate and decreasing crystallization rate. The levels of total Ca remaining 
in solution after 40 min of reaction time are 9.0 %, 38.5 %, 47.3 % and 72.1 % for the 
control, tAC, Mg and tAC/Mg mixture in that order. tAC does complex with calcium 
ions in solution and it has been suggested that the carboxylic acid groups of organic 
acids compete with C2O42- ions for Ca2+ ions in solution and on the crystal surface 
(preferential adsorption) (35, 41). Magnesium ions form a strong complex with C2O42- 
ions that precipitates only slowly from solution, reducing the supersaturation of 
calcium oxalate (39, 42, 43). The ability of tAC to slow down the crystallization 
process relative to Mg2+ ions apart from chelation to Ca2+ ions (rather than oxalate 
ions) is its ability to block the crystal growth sites (34). 
 
 
Figure 5.9 – Effect of components on the kinetics of calcium oxalate precipitation 
in binary sucrose solutions containing 40 wt/v% sucrose and 41 mg·L-1 Ca2+, at 
SiO2 SS of 1.8, initial pH 6.0 and 60 °C 
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5.1.5.5. Calcium Oxalate Solubility 
Equation 5.5 shows the relationship generated by the response surface 
methodology between the apparent equilibrium solubility of calcium oxalate on the 
basis of the concentration of calcium ions in solution ([Ca2+]eq), with a constant 
starting concentration of oxalate (90 mg·L-1), and the initial solution concentrations of 
the different components. 
 
[Ca2+]eq = – 28.3 + 0.949[Ca2+] – 0.101[Suc] + 0.116[Mg2+] + 5.92 × 10-3[tAC]  
 – 3.36 × 10-3[Ca2+][Suc] – 0.668 × 10-3[Ca2+][Mg2+] 
– 48.3 × 10-6[Ca2+][tAC] 
  (5.5) 
 
The equation shows that an increase in initial Ca ion concentration increases 
calcium oxalate solubility, similar to the results of Doherty (28). The result obtained 
is not strictly true because an increase in Ca concentration is expected to result in an 
increase in calcium oxalate precipitation due to the common ion effect. However, as 
the amount of C2O42- ions was fixed in these tests, any increase in Ca concentration 
above the stoichiometric amount for calcium oxalate formation, will result in an 
increase in the amount of unreacted Ca in solution. 
Equation 5.5 also shows that increasing the sucrose content in solution 
significantly decreases the solubility of calcium oxalate, which is in good agreement 
with Yu et al. (27) Increasing the Mg concentration also increases the solubility of 
calcium oxalate because of the formation of Mg–oxalate complexes. Doherty (28) also 
found that increasing Mg concentration enhanced calcium oxalate solubility. 
For the range of tAC expected to be found in sugarcane juice at these sucrose 
concentrations (1000 mg·L-1 to 1600 mg·L-1) (44) the values for calcium oxalate 
solubility change by no more than 1.5 mg·L-1. The model is therefore suggesting that 
fluctuations in tAC levels within sugar juice will not significantly affect calcium 
oxalate solubility.  
Figure 5.10 shows the modeled vs the measured data for [Ca2+]eq using the 
model. There are two groups of data points in the figure as the experimental design 
used in this study was on two initial [Ca2+]. The data sets can be improved by 
conducting experiments with initial [Ca2+] between these values. Despite this, the data 
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sets are in good agreement, which shows that the model is a good fit for these data 
points. 
 
 
Figure 5.10 – Modeled vs measured [Ca2+]eq solubility 
 
5.1.6. Conclusion 
The formation of calcium oxalate and SiO2 composite in sugarcane factory 
evaporators was simulated in binary sugar solutions that contained Mg or tAC in their 
mixture. These components are major sugarcane juice constituents. For the systems 
with compositions containing low sucrose content and with SiO2 SS ratio of 1.8 or 2.3 
COM is the only oxalate hydrate formed. Mixtures of COM and COD are formed at 
high sucrose content and high initial [Ca2+]:[C2O42-] ratio. For these systems, Mg 
promotes COD formation, while tAC does not prevent COM formation. 
As in a previous study, the existence of an induction period (ti) for silicic acid 
polymerization is dependent on not only on the [Suc] but also on the initial [SiO2]. 
The formation of metal complexes and OH groups present in both in the sucrose 
molecule and silicic acid are contributing factors for the differences in ti obtained for 
the various binary systems. 
The apparent n and apparent k values for silicic acid polymerization are found 
to be dependent on its SS. Generalized models for n and k were obtained which 
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reasonably modeled the experimental data. Solubility models for both SiO2 and 
calcium oxalate were developed and were also able to predict the experimental data. 
The models developed in this work, have identified key components that 
influences the co-precipitation of calcium oxalate and SiO2 in sugar solutions. It 
showed that knowing the chemical composition of juice constituents may not be 
sufficient to predict scale composition and scale intensity. The presence of calcium 
and/or magnesium ions decrease SiO2 solubility in sugar solutions. Their removal in 
sugarcane juice is necessary as there are no known effective inhibitors for the 
deposition of silica scale. 
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5.2. Co-precipitation of Silica and Calcium Oxalate in Sugar 
Solutions 
 
Christopher P. East1, Christopher M. Fellows2 and William O.S. Doherty1 
 
1Centre for Tropical Crops and Biocommodities, Queensland University of 
Technology, Brisbane, 
2School of Science and Technology, The University of New England 
Armidale NSW 
 
5.2.1. Abstract 
Solution chemistry plays a significant role in the rate and type of foulant 
formed on heated industrial surfaces. This paper describes the effect of sucrose, silica 
(SiO2), Ca2+ and Mg2+ ions, and trans-aconitic acid on the kinetics and solubility of 
SiO2 and calcium oxalate monohydrate (COM) in mixed salt solutions containing 
sucrose and refines models previously proposed. The developed SiO2 models show 
that sucrose and SiO2 concentrations are the main parameters that determine apparent 
order (n) and apparent rate of reaction (k) and SiO2 solubility over a 24 h period. The 
calcium oxalate solubility model shows that while increasing [Mg2+] increases COM 
solubility, the reverse is so with increasing sucrose concentrations. The role of 
solution species on COM crystal habit is discussed and the appearance of the 
uncommon (001) face is explained.  
 
Keywords: Calcium oxalate; Silica; Composite fouling; Kinetics; Scale; 
Crystallization; Polymerization 
 162 
5.2.2. Statement of Authorship 
The authors listed below have certified that: 
• They meet the criteria for authorship in that they have participated in the 
conception, execution, or interpretation, of at least that part of the publication 
in their field of expertise; 
• they take public responsibility for their part of the publication, except for the 
responsible author who accepts overall responsibility for the publication; 
• there are no other authors of the publication according to these criteria;  
• potential conflicts of interest have been disclosed to (a) granting bodies, (b) 
the editor or publisher of journals or other publications, and (c) the head of the 
responsible academic unit, and 
• they agree to the use of the publication in the student’s thesis and its 
publication on the QUT ePrints database consistent with any limitations set by 
publisher requirements.  
 
In the case of this article: 
Co-precipitation of SiO2 and Calcium Oxalate in Synthetic Sugar Cane Juices. 
Journal of Food Engineering. 2013; (Submitted). 
 
Contributor Statement of contribution 
C. P. East 
 
Date: 05/06/2013 
This author is responsible for the experimental design, 
execution, data interpretation and the first complete draft of the 
paper and subsequent revisions of the later drafts until 
completion. 
C.M. Fellows This author edited the drafts of the paper. 
W.O.S. Doherty 
This author supervised the experimental design, provided 
valuable insights into the data and edited the drafts of the paper. 
 
 
 
 
 163 
Principal Supervisor Confirmation 
 
I have sighted email or other correspondence from all Co-authors confirming their 
certifying authorship. 
 
 
 
Professor William Doherty 
 
5th of June, 2013 
 
 
 
 164 
5.2.3. Introduction 
 The processing of natural aqueous feedstocks (e.g., sugar cane juice, beer and 
ground water) inevitably leads to the fouling of plant equipment and loss of heat 
transfer capacity in heat exchangers. The role of silica (SiO2) fouling in the chemical 
industry is well documented and its deposition on surfaces poses some significant 
challenges in the efficient operation of plant equipment (1-4). Co-precipitation with 
other salts increases the complexity of the problem as these salts, e.g., calcium salts, 
are able to strengthen (through intergrowth) the SiO2 deposits or cover the deposits 
(layering). This makes chemical cleaning more expensive and time consuming as 
more than one type of cleaning agent is required (5, 6). 
 Recently East et al. (7) studied the effect of solution composition on the 
kinetics and thermodynamics of the co-precipitation of calcium oxalate (monohydrate, 
COM) and SiO2 in sugar solutions, commonly found in the evaporators of Australian 
sugar factories. Table 5.5 shows the conditions for the laboratory tests (at two SiO2 
supersaturation ratios (SS)) used in that study. Equations 5.6-5.9 show the preliminary 
models that were generated for SiO2 apparent order (n) and apparent rate (k) of 
reaction and solubility after 24 h ([SiO2]24) as well as the solubility of Ca2+ ([Ca2+]eq). 
Equation 5.10 was fitted to the SiO2 concentration time series to generate values for n 
and k. 
 
Table 5.5 – Test scheme for the generation of the preliminary model 
Component Concentrations 
Sucrose ([Suc]) 25 and 40 wt/v% 
Silica ([SiO2]) [Suc] = 25 wt/v%: 320 and 400 mg·L-1 (SS = 1.8 and 2.3) 
[Suc] = 40 wt/v%: 250 and 320 mg·L-1 (SS = 1.8 and 2.3) 
Calcium ([Ca2+]) 41 and 200 mg·L-1 
Magnesium ([Mg2+]) 0 and 84 mg·L-1 
trans-Aconitic acid 
([tAC]) 
0 and 1300 mg·L-1 
Oxalate ([C2O42-]) 90 mg·L-1 
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n = – 13.2 + 65.7 × 10-3[Suc] + 56.4 × 10-3[SiO2] + 36.7 × 10-3[Mg2+] 
– 53.0 × 10-6[SiO2]2 – 99.9 × 10-6[SiO2][Mg2+] (5.6) 
 
k = – 6.01 × 10-3 – 5.28 × 10-6[Ca2+] + 41.1 × 10-6[Suc] + 17.2 × 10-6[SiO2] 
– 0.166 × 10-6[tAC] + 0.148 × 10-6[Ca2+][Suc] + 1.87 × 10-9[Ca2+][tAC] 
 (5.7) 
 
[SiO2]24 = 1090 – 72.3 × 10-3[Ca2+] – 4.08[Suc] – 3.93[SiO2] – 1.19[Mg2+] 
 + 4.70 × 10-3[SiO2]2 + 3.22 × 10-3[SiO2][Mg2+] (5.8) 
 
[Ca2+]eq = – 28.3 + 0.949[Ca2+] – 0.101[Suc] + 0.116[Mg2+] + 5.92 × 10-3[tAC]  
– 3.36 × 10-3[Ca2+][Suc] – 0.668 × 10-3[Ca2+][Mg2+] 
– 48.3 × 10-6[Ca2+][tAC]  (5.9) 
 
The equations showed that tAC had little effect on the system given how much 
it is expected to vary in the process ([Ca2+]eq ± 1.5 mg.L-1, k ± 7 %) (7). Also, values 
for [Mg2+] used in the study only represent the minimum [Mg2+] found in sugar cane 
juices (8, 9). As such, in the present study a wider range of [Mg2+] is used to 
realistically mimic the industrial process. The [tAC] was kept constant as it is present 
in significant quantities in all juice types and so may simplify the models. The 
inclusion of intermediate [Suc], [SiO2] and [Ca2+] will make the models more robust 
and increase the ability of the models to predict experimental data. To complement 
these studies, COM crystal habits and growth have been investigated revealing the 
effect of different solution components on COM crystal formation. 
 
5.2.4. Experimental 
5.2.4.1. Materials 
Concentrated stock solutions of CaCl2•2H2O (Chem Supply, Gillman, 
Australia), Na2C2O4 (Sigma-Aldrich, Sydney, Australia), Na2SiO3 (Sigma-Aldrich, 
Sydney, Australia), MgCl2•6H2O (Merck, Kilsyth, Australia), HCl and NaOH were 
prepared from analytical reagent grade chemicals (Merck, Kilsyth, Australia) 
dissolved in CO2-free distilled water. trans-Aconitic acid, tAC (Sigma-Aldrich, 
Sydney, Australia) and sucrose (Merck, Kilsyth, Australia) used in this study was 
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analytical grade and the sucrose did not contain any measurable amounts of oxalic 
acid or other organic acids. 
 
5.2.4.2. Test Scheme 
A face-centred central composite design (CCD) was used to investigate the 
effect of change in concentration of four solution components (Table 5.6) on the 
formation of calcium oxalate and SiO2. The lower and upper concentrations selected 
for sucrose are similar to the concentrations of sucrose entering the 3rd and 4th effects 
of an Australian sugar factory with a quintuple evaporator set, respectively. The 
concentration of silica ([SiO2]), oxalate ([C2O42-]) and trans-aconitic acid ([tAC]) 
cover the general concentration range found in juices entering the 3rd and 4th effects of 
the same evaporator set. SiO2 SS was used as a test parameter instead of concentration 
due to the significant reduction in solubility of SiO2 caused by the high concentrations 
of sucrose (10). This is intended to keep the “driving force” for silicic acid 
polymerization constant over the test series so the effects of other components can be 
seen. The calcium concentrations were selected to give a molar ratio of 1:1 and 5:1 
[Ca2+] to [C2O42-]. The Ca2+ and Mg2+ ion concentrations selected cover the levels 
found in syrups in Australian sugar factories (8, 9). The design consisted of a 2p 
factorial augmented by 2p axial points and a centre point, where p is the number of 
varied solution constituents (p = 4). For this study, a total of 27 experiments were 
conducted with 16 factorial points, 8 axial points and 1 centre point replicated 3 times 
for experimental error calculation. 
SiO2 n, k and solubility after 24 h were determined for each test along with the 
[Ca2+] at equilibrium and were used as the responses for the CCD. 
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Table 5.6 – Values for the independent variables of the central composite design† 
Component (mg.L-1) -1 0 1 
[Suc] 25 wt/v% 32.5 wt/v% 40 wt/v% 
Silica SS* SS = 1.8 SS = 2.05 SS = 2.3 
[SiO2] in 25 wt/v% sucrose 320 360 400 
[SiO2] in 32.5 wt/v% sucrose 270 310 350 
[SiO2] in 40 wt/v% sucrose 250 290 320 
[Ca2+] mg.L-1 41 125 200 
[Mg2+] mg.L-1 0 126 252 
[tAC] mg.L-1 1300 1300 1300 
[C2O42-] mg.L-1 90 90 90 
†Tests conducted at 60 ºC and pH = 6 
*Values of SiO2 in mg.L-1 were used for the modeling. SiO2 solubility changes with 
[Suc] (10) 
 
5.2.4.3. Methodology 
Sucrose, Ca2+ and Mg2+ ions and trans-aconitic acid were mixed in CO2-free 
water (~ 350 mL) at 60 °C and the pH was adjusted to 6.0 using a portable pH meter 
(Hach H160, Loveland, Co, USA) with an Ionode PBFC single junction Ag/AgCl pH 
probe with saturated KCl reference solution, which was calibrated before each test 
using Isolab pH 4.01 ± 0.02 at 25 ºC and 7.00 ± 0.02 at 25 ºC buffer solutions. 
Sodium oxalate (90 mg·L-1 C2O42- in the final solution) and SiO2 solutions (at 60 °C) 
were placed in separate beakers, their pHs were adjusted to 6.0 and added at the same 
time to the sucrose solution containing the other compounds. The solution was 
quickly made up to 500 mL and transferred to capped 15 mL plastic tubes. The tubes 
were then placed in a water bath at 60 °C. Samples were taken after 20, 40 and  
60 minutes, followed by one sample every hour, and analyzed. Tests were stopped 
after 24 h because of the hydrolysis of sucrose. It was found in a separate experiment 
that 40 wt/v% sucrose solution degraded by 2 %, 16 % and 34 % after 10 h, 24 h and 
120 h respectively in solutions containing Ca, C2O42-, SiO2 and tAC (7). 
Samples were analyzed for reactive [SiO2], [Ca2+] and [C2O42-] as described 
by Yu et al. (10, 11). Reactive silica was analyzed with a Cintra 40 double-beam  
 168 
UV-Visible spectrometer (GBC Scientific Equipment Pty. Ltd., Braside, VIC, 
Australia) using the silica-molybdate complex colorimetric method (12). The samples 
were filtered through 0.2 µm membrane filters and [Ca2+] and [C2O42-] were 
determined from the filtrate. Oxalate ion concentration was determined by UV-Vis 
using a colorimetric method (13). However, it could not be accurately determined 
because of significant interferences when tAC and Mg2+ ions were present, and so the 
data obtained was not used in this work. Ca2+ ion concentrations were determined 
using inductively coupled plasma – optical emission spectroscopy (ICP-OES Vista 
MPX, Varian Inc., Mulgrave, VIC, Australia). 
 
5.2.4.4. Analysis of Calcium Oxalate Crystals 
After 24 h, samples were centrifuged and washed with Millipore water, then 
with ethanol (96 %, Merck, Kilsyth, Australia) and oven dried at 40 ºC. X-ray powder 
diffraction (XRD) was conducted using PANalytical X’Pert MPD XRD equipment 
emitting Cu Kα (1.5418 Å) radiation. The x-ray patterns were indexed on the basis of 
parameters obtained from the International Centre for Diffraction Data powder XRD 
card index.  
Samples for energy dispersive spectroscopy (EDX) analysis were dispersed on 
an aluminum stub in ethanol and air dried. They were examined uncoated, under low 
vacuum, in an FEI Quanta 3D scanning electron microscope (SEM) with a 15 kV 
beam energy. EDX spectra were collected with an EDAX 30 mm2 SiLi detector, and 
EDAX Genesis software (v5.11). 
 
5.2.4.5. Statistical Analysis  
The rate equation generally used to describe the kinetics of polymerization 
reaction is given by: 
 
! 
dCt
dt = "k
Ct "Ce
Ce
# 
$ 
% 
& 
' 
( 
n
 (5.10) 
 
where k is the apparent rate constant (mol·L-1·h-1), n is the apparent order of reaction, 
Ct is the concentration at time t and Ce is the equilibrium concentration determined 
experimentally for each [Suc]. n and k for silicic acid polymerization were determined 
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using a simulated annealing algorithm using the ODE 45 function in MatLab (The 
MathWorks, v 7.10.0.499) to find the optimal values (14). It was not possible to 
accurately determine the apparent order and rate of reaction for calcium oxalate 
because the rate of reaction was very fast. 
Response surfaces were then fitted to n, k and solubility values (using 
MiniTab v16.0) to generate equations that describe the relationship the juice 
constituents have on n, k and on the solubilities of SiO2 and calcium oxalate. Analysis 
of variance (ANOVA) was used for model adequacy and significance of the 
experimental data. The quality of the fitted model was expressed by the regression 
coefficient, R2, and its statistical significance was checked by the Fisher’s F-test. 
Model terms were determined based on the significance of each term at a confidence 
level of 95 %. This was evaluated by examining its respective P value (probability), 
where the smaller the P value, the more significant its corresponding coefficient and 
the interaction effect with the response. The models were developed using an iterative 
method where insignificant terms (P > 0.05) were dropped and the model was refitted 
to give a better fit and more accurate coefficients. The ANOVA results for the 
quadratic model results for n and k for silicic acid polymerization, solubility of SiO2 
after 24 hours ([SiO2]24) and apparent solubility of calcium oxalate based on calcium 
ion equilibrium concentration ([Ca2+]eq) can be found in Appendix 3; Tables A3.1 – 
A3.4. 
 
5.2.5. Results 
5.2.5.1. Silicic Acid Polymerization Kinetics 
Table 5.7 shows the n and k values for silicic acid polymerization determined 
by an annealing fitting method. The results show the effect of [SiO2] SS and [Suc] on 
the values of n and k. Variations due to changes in the [Ca2+] and [Mg2+] have not 
been included because the model shows that neither variable significantly changes the 
n and k values. Equations 5.11 and 5.12 are the models generated for apparent n and 
apparent k for silicic acid polymerization, showing the relationship between them and 
the initial solution concentrations of the different components. As these models were 
generated with a wider range of data set, it was not necessary to over fit the data to 
improve their accuracy. 
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Table 5.7 – Silicic acid polymerization kinetics data in calcium oxalate and silica 
systems as described by Table 5.6* 
SiO2 SS = 1.8 SiO2 SS = 2.05 SiO2 SS = 2.3 [Suc] 
wt/v% n k (× 10-3) n k (× 10-3) n k (× 10-3) 
25 1.6-2.2 0.2-0.3 2.3† 0.5† 2.6-3.0 0.9-1.2 
32.5 0.5† 0.1† 1.0-2.4 0.2 3.1† 0.2† 
40 0 0-0.1 1.4† 0.2† 2.6-2.8 0.5-0.9 
*Error to determine n and k is ± 10 % 
†Single values 
 
n = 6.25 – 0.359[Suc] – 0.0179[SiO2] + 1.27 × 10-3[Suc][SiO2] (5.11) 
R2 = 0.768 
 
k = 0.0199 – 0.528 × 10-3[Suc] – 80.7 × 10-6[SiO2] + 4.14 × 10-6[Suc]2 
 + 94.1 × 10-9[SiO2]2 + 0.889 × 10-6[Suc][SiO2] (5.12) 
R2 =0.881 
 
In comparison to the models of Equations 5.6 and 5.7, these models have 
fewer terms making them easier to use. The chemical interactions between SiO2-
Mg2+-C2O42-, SiO2-Ca2+ and SiO2-tAC that were evident in the previous models may 
still a play role, though of an insignificant nature in the prediction of the n and k 
values within the concentration range studied. The data shows that increasing [SiO2] 
increases both n and k, which is due to solubility effects and that increasing the [Suc] 
at a fixed SiO2 SS decreases both n and k. Yu et al. (10) found that increasing the 
[Suc] increased k and decreased n. Whilst this data is in agreement with Yu et al. with 
regards to n it differs with respect to k. The simplest explanation for this difference is 
the difference in experimental procedure where Yu et al. ran tests up to 450 h while 
the tests in this study were terminated after 24 h in order to prevent sucrose 
degradation and change the chemistry of the systems (7). Increasing the amount of 
[Suc] increases the viscosity of the solution and reduces diffusion of particles through 
the solution. As such, a drop in n implies that the polymerization process changes 
from surface-controlled and poly-nuclear mechanisms (n = 2 and n ≥ 3 respectively) 
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to a mechanism controlled by bulk diffusion (n = 1) (15). A drop in k is the result of 
the increased viscosity in the solution. 
Figures 5.11 and 5.12 show the calculated (i.e., model) vs measured n and k 
values for silicic acid polymerization respectively. Both models show a linear 
relationship with the model for n having a gradient of 1 and an intercept of 0. The 
model fits values of n above 2 well and reasonably well for values between 1.5 and 2. 
The model for n does not well model values of n < 1, which is due to the slowness of 
the reaction rates. Increasing the reaction time to allow for the processes to come to 
completion was unacceptable due to the degradation of sucrose (16 % and 34 % loss 
after 24 and 120 h respectively). The linear relationship for k is ~ 1 and the intercept 
is near zero, which shows that the model accounts for nearly all the variation in the 
data. 
 
 
Figure 5.11 – Modeled vs measured n for silicic acid polymerization 
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Figure 5.12 – Modeled vs measured k for silicic acid polymerization 
 
5.2.5.2. Silica Solubility 
Equation 5.13 shows the relationship generated by the response surface 
methodology between the solubility of SiO2 after 24 h of polymerization ([SiO2]24) 
and the initial solution concentrations of the different components. 
 
[SiO2]24 = 906 – 4.05[Suc] – 3.09[SiO2] + 3.78 × 10-3[SiO2]2 (5.13) 
R2 = 0.772 
 
Figure 5.13 shows the modeled vs measured solubility data for silica at 24 h. 
The data sets show good agreement, which indicates that the model is a good fit for 
estimating SiO2 solubility. Increasing both [SiO2] and [Suc] reduce the value of 
[SiO2]24. It is important to note however, that this is not the equilibrium solubility and 
that increasing the initial [SiO2] does not decrease the solubility but rather brings the 
reaction to equilibrium faster. Increasing the initial concentration of sucrose has a 
large effect on silica solubility reducing it from 175 mg.L-1 at 25 wt/v% to 140 mg.L-1 
at 40 wt/v% (16).  
There are a number of differences between this model and the previous one 
(Equation 5.8). Firstly, the previous model has many variables. Adding the centre 
term to this model has shown that perhaps, though unlikely, the weakly significant  
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(P = 0.020) [Ca2+] term in the previous model may not be significant. The extended 
[Mg2+] range used in the present set of experiments appears to show that [Mg2+] is not 
a significant factor in determining the solubility of silica up to 24 h.  
 
 
Figure 5.13 – Modeled vs measured [SiO2]24 
 
5.2.5.3. Calcium Oxalate 
Calcium oxalate crystallized very quickly and so it is not possible to obtain n 
and k values using the methods described in this work. Equation 5.14 shows the 
relationship generated by the response surface methodology between the apparent 
equilibrium solubility of calcium oxalate on the basis of the concentration of calcium 
ions in solution ([Ca2+]eq), with a constant initial concentration of oxalate (90 mg·L-1), 
and the initial solution concentrations of the different components. 
 
[Ca2+]eq = – 16.1 + 0.0165[Suc] + 0.671[Ca2+] + 0.133[Mg2+] 
 + 0.914 × 10-3[Ca2+]2 – 3.82 × 10-3[Suc][Ca2+] 
– 0.522 × 10-3 [Ca2+][Mg2+] (5.14) 
R2 = 0.995 
 
Figure 5.14 shows the modeled vs the measured data for Ca2+ ion equilibrium 
concentration using Equation 5.14. The two data sets are in good agreement and show 
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values similar to those in those reported in previous study (7). Increasing the [Mg2+] 
increases the solubility of calcium oxalate mainly because of complex formation 
between Mg2+ and C2O42- ions, resulting in more Ca2+ ions remaining in solution as 
result of chelation with tAC (7, 17-20). The reduction of C2O42- ions through complex 
formation with Mg2+ is reduced at higher initial [Ca2+] probably because of 
preferential binding of the latter to C2O42- ions. Increasing [Suc] decreases the 
calcium oxalate solubility (more so at higher [Suc]), which is in good agreement with 
Yu et al. (10) and previous work by the authors (7). There are no major differences 
between the Ca2+ solubility model and the model developed in previous work of the 
authors (7). 
 
 
Figure 5.14 – Modeled vs measured [Ca2+]eq 
 
5.2.5.4. Verification of Models 
As shown in Table 5.8, the four models (described previously) were tested 
with starting solution concentrations designed to give the maximum and minimum 
value for each model (i.e., maximum and minimum [Ca2+]eq, [SiO2]24, n, and k) and 
two other values, giving four tests in total. 
Table 5.9 shows the predicted and measured values for each test and the 
percentage differences. In most cases, there are good agreement between the values 
obtained with the models and the measured values despite working in very complex 
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systems. There are significant differences in the predicted and measured values of 
[Ca2+]eq and k for test 2. For this system the [Mg2+] is ~ 3 times that of [Ca2+] and so 
with such abundance of Mg2+ ions there may well be interactions not only between 
Mg2+ and C2O42- ions and between Mg2+ ions and SiO2, but other interactions between 
the species in solution that the developed models cannot account for. 
The models do not well predict small values of n (Table 5.9 row 10 and 11) 
and k (Table row 14 and 15) well. The most likely explanation lies with the data and 
the “speed” of reaction at low supersaturation. For tests with low starting SiO2 SS a 
curve is fitted to what could be approximated to a straight line, causing error in the 
fitting. It should also be noted that solutions with low SiO2 SS have relatively long 
induction times (h) which may effect silicic acid polymerization and hence the 
validity of the models. 
 
Table 5.8 – Model test parameters* 
Test [Suc] 
(wt/v%) 
[SiO2] 
(mg.L-1) 
[Ca2+] 
(mg.L-1) 
[Mg2+] 
(mg.L-1) 
Min Max 
1 40 250 40 0 [Ca2+]eq, n [SiO2]24 
2 32.5 270 40 126 k  
3 25 400 200 252  [Ca2+]eq, n, k 
4 40 320 125 84 [SiO2]24  
*[tAC] = 1300 mg.L-1; [C2O42-] = 90 mg.L-1; pH 6.0; 60 ºC 
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Table 5.9 – Model verification results 
 Test Predicted Measured Difference (%) 
[Ca2+]eq  1 6.8 6.0 -11.5 
(mg.L-1) 2 21.9 10.0 -54.3 
 3 143.1 152.9 6.85 
 4 69.3 77.6 12.0 
[SiO2]24  1 209 195 -6.29 
(mg.L-1) 2 216 212 -2.18 
 3 174 184 5.53 
 4 143 160 11.7 
n 1 0.167 0.657 294 
 2 0.941 0.960 1.99 
 3 2.87 2.56 -10.9 
 4 2.49 2.65 6.66 
k (×10-5) 1 5.40 6.43 19.0 
(mol.L-1.h-1) 2 3.16 6.81 115 
 3 98.6 100 1.46 
 4 64.3 52.8 -17.9 
 
 
5.2.5.5. Calcium Oxalate Precipitates 
Scanning electron micrographs (Figure 5.15) and XRD patterns (Figure 5.16) 
of crystals were obtained from the present study and those from the previous study (7) 
under the test conditions in Table 5.10. Typical synthetic COM crystals form 
monoclinic boat or plate-like crystals with (100), (010) and   
! 
(12 1) faces (Figure 
5.17(B)) (21). In the present and previous studies, solutions containing only sucrose 
and SiO2 forms the typical boat shaped crystals (Figure 5.15(a)) with some crystal 
twining (Figure 5.18), probably due to the rate of crystallization and temperature 
variation (21). When 1300 mg.L-1 tAC is added to the solution containing sucrose and 
SiO2, COM crystal twining is increased (Figure 5.15(b)). This indicates a reduction in 
available nuclei able to grow during the initial stages of crystallization (22) and 
chelation between Ca2+ ions and tAC. Recently East et al. (23) showed that  
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trans-aconitic acid has the ability to promote COD formation in sucrose solutions, 
with higher concentrations of sucrose yielding more COD. This is probably due to 
trans-aconitic acid adsorbing to the COM crystal surfaces and blocking growth as 
COM crystals are more adsorbing than COD crystals (24). It may also be due to the 
ability of carboxylic acids to form chelates with calcium restricting the amount of 
water of hydration surrounding Ca2+ ions (25). This allows COD crystals to grow in 
preference of COM. However in the present studies no detectable COD crystals were 
found. 
The addition of 84 mg.L-1 Mg2+ ions to a solution containing sucrose and SiO2 
changes the COM crystal habit to an equilibrium penetration twin (Figure 5.15(c) and 
Figure 5.18) with the emergence of the (021) crystal face. Increasing the [Mg2+] in 
solution to 126 mg.L-1 (or higher) the crystal habit changes to a rectangular prism, in 
the presence or absence of tAC (Figure 5.15(d)). The rectangular prisms have the 
(100), (010) and the (001) faces and are a modified version of Figure 5.17(A). Tunik 
et al. (24) showed that the (010) faces are characterized by C2O42- ions lying 
perpendicular to the face alternating with those parallel to the face and the (100) faces 
are characterized by C2O42- ions emerging oblique to the faces with a dense pattern of 
complexed calcium ions exposed on the surface. The (001) face was not examined by 
Tunik et al. (24) as it is rare to find it in synthetic crystals (21). However, it appears 
that the C2O42- ions emerge perpendicular (length wise) to or lie on the surface (24). It 
is quite possible that Mg2+ ions are complexing with C2O42- ions to the crystal surface 
instead of Ca2+ ions and hence blocking COM growth on those faces. In the presence 
of tAC crystal inhibition on these faces is increased because tAC is complexing to 
both Mg2+ and Ca2+ ions. 
It also important to note that the crystals were grown over a 24 h period, 
allowing the stable   
! 
(12 1) and (021) crystal faces to develop (21). However, due to the 
attached complexes on the (100) and (010) faces restricting growth on these faces, the 
  
! 
(12 1) and the (021) faces slowly grow and eventually disappear with the emergence 
of the (001) face. The crystals in Figure 5.15(e) are from a verification test showing 
the repeatability of the formation of the (001) face.  
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Figure 5.15 – Different forms of COM crystal habit 
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Figure 5.16 – Typical XRD patterns of COM crystals 
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Figure 5.17 – COM crystals showing (A) possible equilibrium shape (B) typical 
synthetic COM crystals (21) 
 
Table 5.10 – Test conditions for the crystals in Figures 5.15 and 5.16 
Test Suc 
(w/v%) 
SiO2 
(mg.L-1) 
Ca2+ 
(mg.L-1) 
tAC 
(mg.L-1) 
Mg2+ 
(mg.L-1) 
a 25 400 41 0 0 
b 25 320 200 1300 0 
c 25 400 200 0 84 
d 32.5 310 125 1300 126 
e 32.5 270 40 1300 126 
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Figure 5.18 – COM single crystal and twins growth (21) 
 
5.2.6. Conclusions 
 This work has attempted to develop models for the kinetics and solubility of 
SiO2 and COM co-precipitation in synthetic sugar solutions at a pH 6 at 60 ºC . The 
models show that [Suc] and [SiO2] are the main parameters that determine n, k and 
SiO2 solubility over a 24 h period. The factors that determine COM equilibrium 
solubility are [Suc], [Mg2+] and initial [Ca2+]. trans-Aconitic acid and Mg2+ ions have 
been shown to effect the habit of COM crystals. trans-Aconitic acid increases crystal 
twining and secondary nucleation, while the addition of small amounts of Mg2+ ions 
encourages the formation of double penetration twins. When the [Mg2+] is further 
increased the crystal habit changes to that of a rectangular prism with (100), (010) and 
the synthetically uncommon (001) faces, along with some (021) and   
! 
(12 1) faces in 
crystals that were not fully grown. 
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6.1.1. Abstract 
Calcium oxalate (CaOx) is the most intractable scale component to remove in 
sugar mill evaporators by either mechanical or chemical means. The operating 
conditions of sugar mill evaporators should preferentially favour the formation of the 
thermodynamically stable calcium oxalate monohydrate (COM), yet analysis of scale 
deposit from different sugar factories have shown that calcium oxalate dihydrate 
(COD) is usually the predominant phase, and in some cases is the only hydrate 
formed. The effects of trans-aconitic, succinic and acetic acids, all of which are 
present in sugarcane juice, and ethylene diamine tetraacetic acid disodium salt 
(EDTA) on the growth of CaOx crystals have been examined by scanning electron 
microscopy (SEM), transmission electron microscopy (TEM), x-ray powder 
diffraction (XRD) and thermogravimetric analysis (TGA). trans-Aconitic acid, which 
constitutes two-thirds of the organic acid component in sugarcane juice, in the 
presence of sugar resulted in the formation of COD and COM in a 3:1 ratio. EDTA 
was the most effective acid to promote the formation of COD followed by  
trans-aconitic acid, then acetic acid and lastly succinic acid. 
 
Keywords: Calcium Oxalate; Organic Acid; Fouling; Crystal Habit, Sugar. 
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6.1.3. Introduction 
Calcium oxalates (CaOxs) are a group of crystalline compounds present in 
plant leaves, kidney and bladder “stones”, beverage processing plants and calandria 
tubes in sugar mill evaporators. CaOx and silica are the main components of 
composite scales formed in the later stages of the evaporation process of sugar mill 
evaporators. The CaOx component of the scale is responsible for the ineffectiveness 
of the common cleaning agents such as caustic soda and sulphamic acid. Expensive 
chelating agents such as ethylenediamine tetra sodium salt (EDTA) in high 
concentration are therefore used for its removal. 
CaOx exists in three phases: calcium oxalate monohydrate (COM), dihydrate 
(COD) and trihydrate (COT). It is sparingly soluble in water and its solubility 
increases with increasing temperature and ionic strength (i.e., soluble ash), but is little 
affected at pH > 4 (1). Of the three CaOx phases COT is the most soluble followed by 
COD and COM is the least soluble phase (2, 3). The least soluble, COM, is 
thermodynamically stable at temperatures > 60 °C. However, both COD and COT are 
kinetically favoured in the initial stages of crystallization due to the Ostwald-Lussac 
rule, but readily transform to COM via a dissolution-recrystallization process (4). The 
operating conditions of sugar factories should encourage the formation of COM, yet 
analysis of scale samples from different Australian sugar factories have shown that 
COD is the predominant phase (5). This implies that other factors must be 
contributing to its preference precipitation. COD formation is most favoured by: high 
initial [Ca2+]/[oxalate2-] ratios, stirring dynamics, low temperatures, increasing 
amounts of magnesium and potassium ions, colloidal phosphates and carboxylic acids 
(4, 6, 7). Yu et al. (8, 9) have evaluated the thermodynamics and the kinetics of CaOx 
crystallization in sugar and silica solutions in order to improve understanding of 
composite fouling of silica and CaOx. The results showed that silica in a 
supersaturated solution of CaOx inhibited the rate of CaOx crystallization, while the 
presence of sugar enhanced the crystallization process. This was later shown to be due 
to the preferential precipitation of COT or COD (10). For the binary CaOx and silica 
systems, the co-precipitation of CaOx and silica in the presence of sucrose led to the 
stabilisation of either COD or COT, depending on the initial concentration of CaOx 
(11).  
From the foregoing, it is evident that the composition of the sugarcane juice 
plays a significant role in the type of CaOx phase that is precipitated. As sugarcane 
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juice contains significant amounts of organic acids (5000 ppm) (12), this paper 
examined the effects of trans-aconitic acid (which comprises two-thirds of the organic 
acids in juice), succinic acid and acetic acid in the presence and absence of sucrose on 
the crystallography and morphology of CaOx. EDTA was included in the 
investigation to assess the impact that the number of carboxyl groups per organic acid 
has on CaOx crystallization process, and because EDTA is the cleaning agent of 
choice for CaOx removal in sugar mill evaporators. 
 
6.1.4. Experimental Details 
6.1.4.1. Reagents 
Calcium chloride, potassium chloride, acetic acid, sodium oxalate, trans-
aconitic acid, sucrose, EDTA, sodium hydroxide, hydrochloric acid ethanol and 
acetone were analytical grade materials purchased from Sigma Aldrich or Fluka. 
Deionised water with a conductivity of 0.3 µS/cm was used in solution preparation. 
 
6.1.4.2. Preparation Methods 
The CaOx systems studied were made to contain similar acid concentrations to 
those present in a typical Australian sugarcane juice. A sucrose concentration of  
46 w/v% and a working temperature of 80°C were chosen to approximately match the 
conditions present in a No. 4 vessel of a quintuple evaporator set of an Australian 
sugar factory. 
 
6.1.4.2.1. Calcium Oxalate Precipitate Formed in an Aqueous Solution (Control) 
100 mL solution (adjusted to pH 7.2) containing 0.3738 g of calcium chloride, 
and 0.6721 g of potassium chloride was prepared with deionised water. 25 mL of 
sodium oxalate solution (1.34 mg/mL) pH adjusted to 7.2, was slowly added to the 
100 mL solution in a ‘rocking’ water bath maintained at 80°C ± 0.1°C. The mixture 
was stirred for 30 min and the crystals removed, washed with deionised water 
followed by acetone. The crystals were dried in a vacuum at 40 °C. 
 
6.1.4.2.2. Calcium Oxalate Precipitate Formed in the Presence of Sucrose 
The solution composition was similar to the control except that the 100 mL 
solution also contained 57.5 w/v% sucrose. 
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6.1.4.2.3. Calcium Oxalate Precipitate Formed in the Presence of an Organic Acid 
Aqueous solutions and 57.5 w/v% sucrose solutions were prepared as above, 
containing in addition either acetic acid (79.3 mg, 1380 ppm on dry solids), succinic 
acid (156 mg, 2710 ppm on dry solids), trans-aconitic acid (230 mg, 4000 ppm on dry 
solids) or disodium EDTA (362 mg, 4410 ppm on dry solids). 
 
6.1.4.3. Scanning and Transmission Electron Microscopy 
Each sample was mounted on an SEM stub by placing a suspension of the 
sample in acetone on the stub and the acetone allowed to evaporate. The sample was 
gold coated and SEM images were obtained using a FEI Quanta 200 Environmental 
SEM at an accelerating voltage of 15 kV. 
The samples for TEM examination were prepared by placing a drop of each 
sample (suspended in a 50:50 mixture of water and ethanol) in a copper grid and 
removing the solvent with a filter paper. The samples were examined on a Philips CM 
200 analytical TEM operating at 200 kV. 
 
6.1.4.4. X-Ray Powder Diffraction 
Phase characterization was carried out using a PANalytical X’Pert MPD XRD 
equipment emitting a Cuα (1.5418 Å) radiation. The X-ray powder patterns were 
indexed based on parameters obtained from the International Centre for Diffraction 
Data powder XRD card index. 
 
6.1.4.5. Thermogravimetry Analysis 
Thermal decomposition of the samples was carried out in a TA ® Instruments 
incorporated high-resolution thermogravimetric analyzer (series Q500) in a flowing 
nitrogen atmosphere (80 mL/min). Approximately 5 – 10 mg of sample was heated in 
an open platinum crucible at a rate of 5.0 °C/min up to 1000 °C. 
 
6.1.5. Results 
6.1.5.1. Morphologies of Calcium Oxalate 
Figure 6.1 shows the SEM micrographs of CaOx crystals grown in aqueous 
solution and organic acid. The control samples (Figure 6.1A and Figure 6.1B) consist 
of ‘X’ shaped serrated crystals of 70 µm to 80 µm in length which look like stellates. 
There are cruciform crystals (~ 40 µm) sparsely dispersed in the stellates. 
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Figure 6.1 – Scanning electron micrographs of CaOx crystals grown in aqueous 
solution at pH 7.2 and 80 °C (A) no additive; (B) in the presence of sucrose only; 
(C) in the presence of acetic acid; (D) in the presence of acetic acid and sucrose; 
(E) in the presence of succinic acid; (F) in the presence of succinic acid and 
sucrose; (G) in the presence of trans-aconitic acid; (H) in the presence of trans-
aconitic acid and sucrose; (I) in the presence of EDTA; (J) in the presence of 
EDTA and sucrose; (K) stellate shaped crystal and (L) cruciform shaped crystal. 
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A similar morphology was obtained with the crystals grown in acetic acid 
(Figure 6.1C) and in acetic acid and sucrose (Figure 6.1D), though these crystals are 
not regular, showing twining. Cruciforms of larger proportions were also formed. The 
crystal sizes of the CaOx crystals grown in solutions containing acetic and sucrose 
were 20 % smaller in length than those grown in solutions containing only acetic acid. 
The shape of the CaOx crystals grown in the presence of succinic acid appear like 
four intertwined crescent moons (Figure 6.1E). A small number of these crystals are 
serrated. The crystal sizes range from ~ 30 µm to 60 µm. In both tests there is a lower 
percentage of the crystals that are cruciforms when compared to the acetic acid tests. 
The SEM of CaOx grown in both succinic acid and sucrose (Figure 6.1F) indicated 
similar but smaller sized crystals (< 40 µm), with most crystals having two joined 
crescents instead of four. The outside edges of the crescents were serrated with a 
feathery appearance.  
For the CaOx prepared with trans-aconitic acid and EDTA (Figure 6.1G – 
Figure 6.1J) there are two of morphologies: one is the cruciform shape that is also 
present in the other CaOx systems, and the other is distorted spheriods (~ 5 µm to  
10 µm) which are highly twinned. The crystals prepared with sucrose were similar 
except that the cruciforms were slightly bigger in size.  
The cruciform population was highest in the CaOx systems grown from the 
solution containing EDTA and sucrose. 
A further evaluation of the CaOx crystals grown in the various solutions by 
TEM showed that the crystals formed in layers as illustrated in Figure 6.2. These 
layers were made up of nano-sized crystals exhibiting sizes of a few nanometers 
(Figure 6.2B). The existence of the nano-sized crystals was more evident with  
trans-aconitic acid and EDTA, an additive with a greater chelating power than acetic 
acid and succinic acid. 
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Figure 6.2 – TEM images of CaOx crystals grown (A) in the presence of succinic 
acid and (B) in the presence of EDTA 
 
As shown in Figure 6.1, there are significant differences between CaOx 
crystals morphologies grown in trans-aconitic acid, EDTA or succinic acid and the 
crystals grown in aqueous solution. These results indicate that trans-aconitic acid, 
EDTA and to a lesser extent succinic acid have stronger inhibitory effects for COM 
formation than acetic acid. The ionization constant (pK) at 25°C for acetic acid is 
4.75, succinic acid is 5.61, trans-aconitic acid is 4.46 and EDTA is 10.2. As the 
working pH for these CaOx systems is 7.2, it is expected that these acids have the 
ability to form complexes with calcium ions and it has been suggested that the 
inhibitory effect shown by these acids is as a result of competition between the 
carboxylate groups of the acids and the oxalate ions for calcium ions and/or their 
preferential adsorption onto CaOx crystal surfaces (7, 13). It may well be that a 
proportion of the cruciform crystals that forms in the CaOx system are dependent on 
the complexing ability of the organic acid. EDTA has a stronger ability to form 
complexes with calcium ions than the other acids (14) and as shown in Figure 6.1E, 
has the largest proportion of the cruciforms crystals. Doherty et al. (13) have shown 
that apart from the characteristic tetragonal and bipyramidal forms, CaOx can also 
exist in cruciform, stellate and spheroidal forms. As such, the stellates and spheroids 
formed in the present study are likely to be COM and the cruciforms probably COD 
with EDTA having the greatest potential to form this phase. 
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6.1.5.2. Crystallographic Forms of Calcium Oxalate 
Table 6.1 gives the phases formed from the different CaOx systems by XRD. 
The results indicate that the crystallization of CaOx in an organic acid solution is 
different from that in aqueous solution. COM is still the major phase, apart from the 
case where the crystals were grown in EDTA. COD formation is in the following 
order EDTA > trans-aconitic acid > acetic acid > succinic acid. 
 
Table 6.1 – Effect of organic acids on calcium oxalate crystallographic forms 
Calcium oxalate composition 
(%) 
Organic acid 
COM COD COT 
Control (no acid) 97.8 0.2 2.0 
Control and sugar (no acid) 96.8 0.5 2.7 
Acetic acid 96.5 - 3.5 
Acetic acid and sugar 81.4 18.6 - 
Succinic acid 97.5 2.5 - 
Succinic acid and sugar 95.5 4.5 - 
trans-Aconitic acid 60.8 39.2 - 
trans-Aconitic acid and sugar 25.9 74.1 - 
EDTA 9.4 90.6 - 
EDTA and sugar 6.8 93.2 - 
 
The main XRD diffraction peaks for COM obtained in the absence of acid 
were located at the interatomic distances 5.93 Å, 3.65 Å, 2.36 Å and 1.82 Å 
suggesting preferential growth of the (-101), (020), (130) and (040) planes. Apart 
from the CaOx crystals grown in acetic acid, new characteristic COD peaks were 
obtained for the other systems. The main diffraction peaks for COD of 3.69 Å, 2.41 Å 
and 2.24 Å suggests a preferential growth on the (002), (103) and (213) planes. 
 
6.1.5.3. Thermal Decomposition of CaOx Crystals 
The thermal decomposition of the CaOx crystals grown in organic acids and 
aqueous solution was carried out in order to confirm the XRD data. Figure 6.3 shows 
a typical thermal decomposition profile of CaOx. The decomposition occurs in 3 
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stages: the first peak at 101 °C is due to the loss of water molecules from the crystal 
lattice, the second peak at 419 °C results from the formation of calcium carbonate, 
and the third peak at 560 °C is formation of calcium oxide (15). The results of Figure 
6.3 indicate that the dehydration process is complete by 110 °C. The percent weight 
losses associated with pure COM (i.e., CaC2O4•H2O) and pure COD (CaC2O4•2H2O) 
dehydration are 12.3 % and 22 % respectively. As such the percentage weight loss of 
the CaOx obtained from a particular system should give a qualitative indication as to 
whether the crystals are predominantly COM or COD. 
 
 
Figure 6.3 – Thermal decomposition of CaOx crystals grown in trans-aconitic 
acid 
 
In Table 6.2, the weight loss determined by TGA for CaOx crystals grown in 
various systems is listed. The values obtained are higher than the theoretical value for 
pure COM implying that COT or COD are present in these samples. Also, higher 
values are obtained for crystals grown in an organic acid and sugar than in the same 
system without sugar. The percentage weight loss for the crystals grown in EDTA and 
sugar is 22.21 % which approximates to that of pure COD. These TGA data are 
consistent with the data obtained by XRD and SEM. 
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Table 6.2 – Dehydration of CaOx grown in different systems 
Organic acid % wt. loss 
Control (no acid) 12.9 
Control and sugar (no acid) 13.8 
Acetic acid 12.6 
Acetic acid and sugar 16.5 
Succinic acid 13.0 
Succinic acid and sugar 15.2 
trans-Aconitic acid 19.1 
trans-Aconitic acid and sugar 19.9 
EDTA 21.2 
EDTA and sugar 22.2 
Pure COM 12.3 
Pure COD 22.0 
 
6.1.6. Discussion 
Previous work (13, 16-18) has shown that the more soluble and 
thermodynamically unstable COT and COD usually form as precursors to COM 
formation. They appear at the initial stages of the reaction and undergo a phase 
transition through a dissolution-crystallization process. However, the transition 
process may be inhibited by the presence of additives (organic and/or inorganic), 
presumably through adsorption of these additives on specific crystal planes (7, 16). In 
the present study COT is the initial phase formed in the control and in the CaOx 
systems with acetic acid (Table 6.1), before undergoing phase transition. For CaOx 
systems with other organic acids, COD appears to be the initial phase formed. 
The results have shown that acetic acid and succinic acid are poor inhibitors of 
COM formation, while EDTA and to a lesser extent trans-aconitic acid are effective 
inhibitors. Acetic acid contains one carboxylate group, while succinic acid contains 
two. It appears that under our experimental conditions greater than two carboxylate 
groups (trans-aconitic acid has three and EDTA has four) are necessary to suppress 
COM formation and strongly adsorb on the (002), (103) and (213) planes of COD. 
This is contrary to Cody and Cody (7) who reported that at least two carboxylate 
groups were necessary to suppress COM formation. The binding ability of these 
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organic acids may be due to their ability to adopt conformations in which two or more 
carboxylate groups can interact with the surfaces of the CaOx (19) inhibiting COM 
growth. This process will also result in structural matching on certain CaOx crystal 
planes (20). In fact Cody and Cody (7) were of the view that only linear molecules 
with carboxyl group spacing of approximately three C-C bond lengths could fit into 
the COM crystal lattice. 
Doherty and Wright (21) and Yu et al. (11) studied the effect of sucrose 
molecules on COM inhibition. Yu et al. (11) were of the view that the enhanced 
formation of COD with increase in sucrose concentration was related to the 
adsorption capacities of the CaOx hydrates. COM adsorbed polymeric molecules 3 
times more than COT and 10-15 times more than COD (22). Thus, at high sucrose 
concentration, COD would be able to adsorb sucrose molecules and preferentially 
form. The formation of COD in sucrose solution may also be related to the changes in 
the initial CaOx supersaturation due to reduced solubility of CaOx in sucrose solution 
(11). 
In the COD crystal structure, the calcium located in the polyhedron has six of 
the eight oxygen atoms belonging to four oxalate groups, one less oxalate group than 
COM (23). As such, a high calcium/oxalate ratio favours the formation of COD (24). 
Carboxylic acids with their higher electronegativity would electrostatically repulse the 
oxalate ions within the vicinity of the growing nuclei, increasing the calcium/oxalate 
ratio, and hence stabilise COD formation (13). 
The morphologies (with growth in certain planes) of COM and COD formed 
in the various systems examined may also be related to lattice matching and the ionic 
characters of the different planes (11). The reduction in crystal size (from SEM 
micrographs) for COM crystals grown from acetic and succinic acids solutions in the 
presence of sugar may be related to increased supersaturation due to reduced water 
activity. The increase in crystal size for the CaOx systems with either trans-aconitic 
acid or EDTA in the presence of sugar where COD is formed because crystal growth 
occurs in a reduced number of nucleation sites due to complex formation between 
trans-aconitic acid/EDTA with calcium ions. 
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From the present study and previous studies it is concluded that the 
thermodynamically unstable COD is preferentially formed in sugar mills because of 
the following: 
• Organic acids. Sugarcane juice contains carboxylate-bearing acids  
trans-aconitic, succinic, acetic, citric, malic etc., which are known to suppress 
the formation of COM. The formation of mixed COM-COD scale could 
probably, in part, be related to the proportion of COM-forming additives  
(e.g., succinic acid) relative to the other organic acids. 
• Sucrose. The presence of sucrose in CaOx systems shifts the phase 
composition from COM to COD. 
• Silica. Previous work by Yu et al. (11) have reported that the presence of silica 
enhanced COD formation due to preferential adsorption of silica molecules on 
crystal planes based on electrostatic interactions as well as structural and 
stereochemical relationships. 
• Calcium. High calcium to oxalate ratios favour COD formation. Sugarcane 
juice generally has a high calcium/oxalate ratio and this ratio will be higher in 
situations of over liming during clarification and the recirculation of 
unclarified mud filtrate which has substantial quantities of calcium. 
 
Cody and Cody (7) used molecular modelling (i.e., computers to simulate 
chemical compounds and processes) to establish the structural compatibility between 
carboxylate groups and CaOx. This probably led to the development of scale 
inhibitors, such as poly(maleic acid) and poly(acrylic acid), currently used for scale 
control. These inhibitors were developed for aqueous systems where the roles of 
sucrose and silica were not considered. In designing scale inhibitors for the sugar 
industry, the influence these and other macromolecules (polysaccharides, surface-
active compounds, and proteins) have on CaOx inhibition should be taken into 
account as well as carboxylate-based inhibitors containing more than two carboxylate 
groups per molecule. Because COD contains fewer adsorption sites than COM and is 
poorly adsorbing (7), the new scale inhibitor should be used in relatively high 
concentrations and must meet ‘Generally Recognised as Safe’ (GRAS) and Food and 
Drug Administration guidelines. 
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6.1.7. Conclusion 
The effect of organic acids and sugar on the crystallization of CaOx was 
investigated. COM inhibition and COD formation was in the order  
EDTA > trans-aconitic acid > acetic acid > succinic acid. The presence of sugar 
enhanced the formation of COD. To design effective scale inhibitors for CaOx the 
role of organic acids, sugar and silica must be considered. 
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7. Conclusions 
Bulk analysis of scales provides insufficient information for the further 
development of chemical cleaning formulations and scale inhibitors, it needs to be 
augmented with detailed micro-structural analysis of the scale. Full characterization 
of scale from fouled stainless steel tubes obtained from quintuple Roberts evaporators 
of two sugar factories using traditional bulk analysis techniques and electron 
microscopic techniques on the cross-section of the scale. Scale from the bottom, 
middle and top sections of each tube were characterised revealing a number of 
differences in the scale structure between the different sections of the tubes. This 
study clearly shows that sugar cane factory evaporator scale is made up of a number 
of layers of different minerals and in some cases very thin boundary layers exist 
between the major layers. One such boundary layer is a Si-Mg-Al-Fe-O containing 
mineral not yet found in the evaporators of sugar cane factories. While it may be 
formed during chemical cleaning this is unlikely as it was also found in the bulk of the 
scale. 
Results from the SEM, elemental mapping and XRD of the scale show that the 
scale is formation occurs via different mechanisms. These results suggest that 
hydroxyapatite is the most likely scale component to be deposited on the hottest 
surfaces of the evaporator tubes. First-order thermodynamic calculations suggest that 
there is a lower thermodynamic driving force for the deposition of calcium oxalate 
and it will be deposited on cooler surface when the [Ca2+] and [C2O42-] are high 
enough for it to be thermodynamically favorable. Silica deposits as an amorphous 
material, most likely as colloidal SiO2, in the cooler vessels where its solubility is the 
lowest, the sucrose concentration and ionic strength is the highest, both of which 
decrease silica solubility. 
Laboratory batch tests revealed the effect of different solution components the 
kinetics and thermodynamics of SiO2 and calcium oxalate co-precipitates. The effect 
of sucrose, SiO2, Ca2+ and Mg2+ ions and trans-aconitic acid concentrations on the 
apparent order (n) and apparent rate (k) of SiO2 polymerization, SiO2 solubility after 
24 h ([SiO2]24) and calcium oxalate solubility based on [Ca2+] ([Ca2+]eq), has been 
related by models for each. The models show that increasing the initial [SiO2] 
increases both n and k but will decrease [SiO2]24. Increasing sucrose concentration 
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also increases n and k but reduces [SiO2]24, through solubility effects, and [Ca2+]eq. 
[Mg2+] ions did not affect k and small amounts (84 mg.L-1) increased n. This is likely 
due to a SiO2-Mg2+ interaction in the solution found by UV-Vis spectroscopy. [Mg2+] 
was found to have little effect on [SiO2]24, changing the end concentration by less 
than 10 %. Increasing [Mg2+] increased the solubility of calcium oxalate due to the 
complexing of oxalate ions to Mg2+ ions in solution. Changes in [Ca2+] were found to 
have no effect on n, k or [SiO2]24, but increased [Ca2+]eq with increasing 
concentration. However, the increase in solubility with Ca2+ ions in is not a true 
solubility effect because of excess Ca2+ ions. trans-Aconitic acid was found to weakly 
reduce k but had no effect on n. [Ca2+]eq increased with trans-aconitic acid, through 
Ca2+-trans-aconitic acid complexing, but by no more than 1.5 mg.L-1. In general it 
was found that trans-aconitic acid had little effect on the solution chemistry. Due to 
the experimental design it was not possible to determine n and k values for calcium 
oxalate. 
The precipitates from each batch test were analyzed showing that the majority 
of the crystals were calcium oxalate monohydrate (COM) with a small amount of 
silicon (< 2 %), most likely as silica, detected by energy dispersive X-ray 
spectroscopy. Calcium oxalate dihydrate (COD) appeared in only a few tests and was 
caused by high sucrose and organic acid concentrations. Scanning electron 
microscopy revealed changes in the COM crystal habit due to different solution 
components. Test containing only SiO2 and sucrose produced the typical boat shaped 
crystals of synthetic calcium oxalate. The addition of trans-aconitic acid caused the 
COM crystals to become highly twinned. Penetration twins resulted from the addition 
of 84 mg.L-1 Mg2+ ions which then changed to a rectangular prism habit with a (001) 
face, rarely found in synthetic COM crystals, when [Mg2+] was increased. 
Calcium oxalate was precipitated from synthetic juices containing different 
organic acids and sucrose concentrations. The tests showed that increasing the number 
of carboxylic acid groups per molecule increased the amount of COD formed. Higher 
sucrose concentration further increased the amount of COD formed. This result could 
explain the predominance of this phase in sugar cane factory evaporators as sugar 
cane juice contains reasonable amounts of di- (e.g., succinic acid and malic acid) and 
tri-carboxylic acids (e.g., trans-aconitic acid and citric acid). 
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8. Future Work 
Opportunities for future work exist mainly in the batch tests. In particular 
redesigning the experiments so that apparent order and rate of reaction can be 
determined for calcium oxalate. This could be achieved through the use of a Ca2+ ion 
selective electrode or by reducing the overall rate of crystallization by working in 
more dilute calcium oxalate solutions. Further work needs to be done on the effect of 
temperature and pH on the solution kinetics and thermodynamics on silica-calcium 
oxalate composites at different temperatures and pH, e.g., 70 ºC and 80 ºC and at pH 
of 5 and 7. In addition, studies where the oxalate concentration is varied to represent 
the range found in the sugar industry would be beneficial. All these studies should be 
carried out in non-seeded and seeded tests. The seeded tests should speerately look at 
calcium oxalate precipitation and silicic acid polymerization using, COM, COD and 
amorphous silica as the seeds. 
A time series on calcium oxalate crystal growth in the solutions would bring 
new light to many of the interactions talked about in this thesis and could help in the 
further development of scale inhibitors. 
Another avenue of research should involve studying the composition of sugar 
cane juices collected during a cycle from a number of sugar factories and the 
composition of the corresponding scale deposited in the evaporators of these factories 
during that cycle. The information derived from the study will provide further 
evidence to support the mechanisms of scale deposition in the evaporators of sugar 
cane factories. The study should also focus on determining the types and 
concentrations of silica and silicates in juice (i.e., monomeric, polymeric, colloidal 
and particulate). 
Conventional scale inhibitors used in the sugar cane industry, such as 
poly(acrylic acid) and poly(maleic acid), have been found to be partly effective to 
control calcium oxalate and silica scale. Future work on scale inhibitors should 
concentrate on the preparation of novel scale inhibitors based on inorganic-organic 
hybrid polymers, sulfonated telomers and biopolymers with carboxylic acid 
functionality. Recent work has shown these compounds to potentially be very 
effective inhibitors for these scale types. 
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Appendix 1. XRD and EDX Data From Scale Analysis 
A1.1. Mulgrave 4th Effect Tube 
A1.1.1. Surface Analysis 
Table A1.1 – Mulgrave 4th; EDX analysis of the scale surfaces (wt%)* 
 Bottom Middle Top 
Element Tube Juice Tube Juice Tube Juice 
C** 12.31 27.42 12.48 13.81 9.02 15.32 
O 43.70 48.98 42.94 61.91 43.46 61.02 
Si 1.69 1.02 2.63 0.31 1.59 ----- 
P 13.02 2.24 12.37 1.24 12.25 0.10 
S 0.11 0.14 ----- ----- ----- ----- 
Ca 27.13 16.58 26.33 20.17 31.04 23.15 
Fe 0.16 2.29 0.64 2.06 0.71 0.20 
* An overall error of 4 % for each value 
** An overestimation of ~ 2 % for the carbon content since the material was carbon coated 
 
 
Figure A1.1 – X-ray diffraction patterns of the scale surfaces from the bottom 
section of the Mulgrave 4th tube 
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Figure A1.2 – X-ray diffraction patterns of the scale surfaces from the middle 
section of the Mulgrave 4th tube 
 
 
Figure A1.3 – X-ray diffraction patterns of the scale surfaces from the top 
section of the Mulgrave 4th tube 
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A1.2. Broadwater 4th Effect Tube 
A1.2.1. Surface Analysis 
Table A1.2 – Broadwater 4th; EDX analysis of the scale surfaces (wt%)* 
 Bottom Middle Top 
Element Tube Juice Tube Juice Tube Juice 
C** 23.90 43.87 19.95 23.24 24.53 17.69 
O 43.85 37.05 52.64 53.00 49.70 60.71 
Mg 1.14 ----- ----- ----- 0.47 ----- 
Si 18.73 10.02 8.59 2.61 10.08 0.65 
P 3.14 1.55 0.51 0.73 0.69 ----- 
S 0.12 0.14 ----- 0.13 ------ ----- 
Ca 6.02 3.59 17.87 17.04 13.54 20.46 
Fe 2.82 2.91 0.15 2.16 0.43 ----- 
* An overall error of 4 % for each value 
** An overestimation of ~ 2 % for the carbon content since the material was carbon coated 
 
 
Figure A1.4 – X-ray diffraction patterns of the scale surfaces from the bottom 
section of the Broadwater 4th tube 
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Figure A1.5 – X-ray diffraction patterns of the scale surfaces from the middle 
section of the Broadwater 4th tube 
 
 
Figure A1.6 – X-ray diffraction patterns of the scale surfaces from the top 
section of the Broadwater 4th tube 
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A1.2.2. Bulk XRD 
 
 
Figure A1.7 – X-ray powder diffraction patterns of bulk samples from the 
bottom, middle and top section of the tube from the Broadwater 4th effect 
(including an internal corundum standard) 
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A1.2.3. Cross-Section Elemental Analysis 
Table A1.3 – Broadwater 4th; EDX average values (wt%)* for the elements in the 
layers 
 Bottom Middle Top 
Element Layer 1 Layer 2 Layer 1 Layer 2 Layer 1 Layer 2 Layer 3 
C** 29.00 55.47 37.94 19.85 26.21 36.67 19.68 
O 41.19 29.39 39.71 55.63 48.12 40.20 55.86 
Na 0.20 0.06 0.10 0.07 0.64 0.11 0.10 
Mg 1.16 0.00 1.26 0.01 0.41 3.79 0.00 
Al 0.00 0.18 0.07 0.02 0.03 0.01 0.00 
Si 20.97 11.66 12.78 2.13 0.96 9.44 0.42 
P 1.79 0.88 0.71 0.02 0.15 1.11 0.00 
S 0.09 0.05 0.05 0.11 0.07 0.13 0.10 
Cl 0.05 0.10 0.06 0.03 0.02 0.04 0.04 
K 0.06 0.11 0.08 0.05 0.25 0.07 0.04 
Ca 2.94 1.45 5.53 22.00 23.09 7.38 23.70 
Fe 2.41 0.64 1.64 0.07 0.03 0.91 0.06 
* An overall error of 4 % for each value 
** An overestimation of ~ 2 % for the carbon content since the material was carbon coated 
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A1.3. Broadwater 5th Effect Tube 
A1.3.1. Surface Analysis 
 
Figure A1.8 – X-ray diffraction patterns of the scale surfaces from the middle 
section of the Broadwater 5th tube 
 
 
Figure A1.9 – X-ray diffraction patterns of the scale surfaces from the top 
section of the Broadwater 5th tube 
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A1.3.2. Cross-Section Elemental Analysis 
Table A1.4 – Broadwater 5th; EDX average values (wt%)* for the elements in the 
layers in the bottom section of the tube 
Element Layer 1 Layer 2 Layer 3 
C** 57.02 30.43 55.35 
O 32.15 42.77 31.52 
Na 0.05 0.03 0.03 
Mg 0.04 0.01 0.01 
Al 0.08 0.05 0.07 
Si 9.03 3.25 12.27 
P 0.26 0.16 0.08 
S 0.10 9.55 0.06 
Cl 0.15 0.07 0.11 
K 0.04 0.23 0.02 
Ca 0.99 13.37 0.46 
Fe 0.10 0.07 0.04 
* An overall error of 4 % for each value 
** An overestimation of ~ 2 % for the carbon content since the material was carbon coated 
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Table A1.5 – Broadwater 5th; EDX average values (wt%)* for the elements in the 
layers in the middle section of the tube 
Element Layer 1  Layer 2 Layer 3 
C** 30.39 40.04 32.35 
O 39.37 32.48 39.29 
Na 0.46 0.40 0.12 
Mg 0.00 0.32 0.00 
Al 0.00 0.00 0.00 
Si 19.85 10.07 14.53 
P 1.63 1.51 0.70 
S 0.13 1.97 4.11 
Cl 0.03 0.14 0.09 
K 0.79 0.29 0.17 
Ca 7.20 12.57 8.49 
Fe 0.12 0.17 0.19 
* An overall error of 4 % for each value 
** An overestimation of ~ 2 % for the carbon content since the material was carbon coated 
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Table A1.6 – Broadwater 5th; EDX average values (wt%)* for the elements in the 
layers in the top section of the tube 
Element Layer 1 Layer 2 Layer 3 
C** 42.70 44.66 30.53 
O 33.25 32.99 42.17 
Na 0.39 0.28 0.17 
Mg 0.00 0.18 0.00 
Al 0.00 0.00 0.00 
Si 9.81 12.79 16.22 
P 1.83 0.91 0.64 
S 1.85 0.25 0.49 
Cl 0.16 0.09 0.10 
K 0.56 0.34 0.26 
Ca 9.27 7.26 9.29 
Fe 0.16 0.23 0.12 
* An overall error of 4 % for each value 
** An overestimation of ~ 2 % for the carbon content since the material was carbon coated 
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Appendix 2. ANOVA Results for the First Model 
Table A2.1 – ANOVA results for response surface quadratic model for n for 
SiO2 polymerization 
Source Degrees of 
freedom (DF) 
Sum of 
squares 
Mean 
Square 
F 
value 
P 
value 
Model 5 18.15 3.630 14.79 0.000 
[Suc] 1 3.881 3.881 15.82 0.000 
[SiO2] 1 14.14 14.14 57.62 0.000 
[Mg2+] 1 1.004 1.004 4.09 0.053 
[SiO2][SiO2] 1 0.7014 0.7014 2.86 0.103 
[SiO2][Mg2+] 1 1.588 1.588 6.47 0.017 
Lack-of-fit 2 1.574 0.7868 3.93 0.033 
Pure error 24 4.806 0.2002   
*Std Dev. = 0.495326 PRESS = 9.89975 R2 (adjusted) = 0.69 
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Table A2.2 – ANOVA results for response surface quadratic model for k for SiO2 
polymerization 
Source Degrees of 
freedom (DF) 
Sum of 
squares 
Mean 
square 
F 
value 
P 
value 
Model 6 0.000015 0.000003 41.83 0.000 
[Ca2+] 1 0.000000 0.000000 1.84 0.187 
[Suc] 1 0.000003 0.000003 51.10 0.000 
[SiO2] 1 0.000013 0.000013 217.9 0.000 
[tAC] 1 0.000000 0.000000 0.79 0.384 
[Ca2+][Suc] 1 0.000000 0.000000 4.07 0.054 
[Ca2+][tAC] 1 0.000000 0.000000 4.88 0.037 
Lack-of-fit 9 0.000001 0.000000 2.23 0.077 
Pure error 16 0.000001 0.000000   
*Std Dev. = 0.000247647 PRESS = 2.511290 × 10-6 R2 (adjusted) = 0.89 
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Table A2.3 – ANOVA results for response surface quadratic model for solubility 
after 24 h, [SiO2]24 
Source Degrees of 
freedom (DF) 
Sum of 
squares 
Mean 
square 
F 
value 
P 
value 
Model 6 32750 5459 31.72 0.000 
[Ca2+] 1 1058 1058 6.15 0.020 
[Suc] 1 14990 14490 87.13 0.000 
[SiO2] 1 24410 24410 141.86 0.000 
[Mg2+] 1 1123 1123 6.53 0.017 
[SiO2][SiO2] 1 5513 5513 32.04 0.000 
[SiO2][Mg2+] 1 1645 1645 9.56 0.005 
Lack-of-fit 9 1797 199.7 1.28 0.321 
Pure error 16 2504 156.5   
*Std Dev. = 13.1174 PRESS = 7255.77 R2 (adjusted) = 0.86 
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Table A2.4 – ANOVA results for response surface quadratic model for apparent 
calcium oxalate solubility [Ca2+]eq 
Source Degrees of 
freedom 
(DF) 
Sum of 
squares 
Mean square F value P 
value 
Model 7 119.5 × 103 17.08 × 103 771.1 0.000 
[Ca2+] 1 118.2 × 103 118.2 × 103 5335 0.000 
[Suc] 1 442 442 19.97 0.000 
[Mg2+] 1 66 66 2.99 0.097 
[tAC] 1 0 0 0.01 0.937 
[Ca2+][Suc] 1 124 124 5.58 0.027 
[Ca2+][Mg2+] 1 153 153 6.90 0.015 
[Ca2+][tAC] 1 191 191 8.62 0.007 
Lack-of-fit 8 160 20 0.86 0.568 
Pure error 15 349 23   
*Std Dev. = 4.70601 PRESS = 910.399 R2 (adjusted) = 0.99 
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Appendix 3. ANOVA Results for the Second Model 
Table A3.1 – ANOVA results for response surface quadratic model for n for 
SiO2 polymerization 
Source Degrees of 
freedom (DF) 
Sum of 
squares 
Mean 
Square 
F 
value 
P 
value 
Model 3 19.32 6.44 29.73 0.000 
[Suc] 1 1.545 1.545 7.13 0.014 
[SiO2] 1 14.28 14.28 65.92 0.000 
[Suc][SiO2] 1 2.710 2.710 12.51 0.002 
Lack-of-fit 5 0.3683 0.0737 0.29 0.914 
Pure error 18 4.614 0.2563   
*Std Dev. = 0.4654 PRESS = 6.394 R2 (adjusted) = 0.768 
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Table A3.2 – ANOVA results for response surface quadratic model for k for SiO2 
polymerization 
Source Degrees of 
freedom (DF) 
Sum of 
squares 
Mean 
square 
F 
value 
P 
value 
Model 5 0.000003 0.000001 39.60 0.000 
[Suc] 1 0.000000 0.000000 27.43 0.000 
[SiO2] 1 0.000002 0.000002 129.4 0.000 
[Suc]2 1 0.000000 0.000000 13.93 0.001 
[SiO2]2 1 0.000000 0.000000 5.77 0.026 
[Suc][SiO2] 1 0.000000 0.000000 4.72 0.042 
Lack-of-fit 3 0.000000 0.000000 2.23 0.077 
Pure error 18 0.000000 0.000000   
*Std Dev. = 0.0001191 PRESS = 0.4879 × 10-6 R2 (adjusted) = 0.881 
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Table A3.3 – ANOVA results for response surface quadratic model for solubility 
after 24 h, [SiO2]24 
Source Degrees of 
freedom (DF) 
Sum of 
squares 
Mean 
square 
F 
value 
P 
value 
Model 3 13090 4363 30.27 0.000 
[Suc] 1 8567 8567 59.44 0.000 
[SiO2] 1 10670 10670 74.05 0.000 
[SiO2][SiO2] 1 2300 2300 15.96 0.001 
Lack-of-fit 5 519.4 519.4 0.67 0.652 
Pure error 18 2796 2796   
*Std Dev. = 12.01 PRESS = 5141 R2 (adjusted) = 0.772 
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Table A3.4 – ANOVA results for response surface quadratic model for apparent 
calcium oxalate solubility [Ca2+]eq 
Source Degrees of 
freedom 
(DF) 
Sum of 
squares 
Mean square F value P 
value 
Model 6 58.64 × 103 9774 810.7 0.000 
[Suc] 1 197.4 197.4 16.36 0.001 
[Ca2+] 1 56.49 × 103 56.49 × 103 4686 0.000 
[Mg2+] 1 1402 1402 116.3 0.000 
[Ca2+]2 1 203.2 203.2 16.86 0.001 
[Suc][Ca2+] 1 84.0 84.0 6.96 0.016 
[Ca2+][Mg2+] 1 443.4 443.4 36.78 0.000 
Lack-of-fit 8 225.1 28.1 21.07 0.000 
Pure error 12 16.0 1.3   
*Std Dev. = 3.472 PRESS = 416.5 R2 (adjusted) = 0.995 
 
